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Over the course of the last century, we have observed changes in forest 
composition and structure related to changes in disturbance regimes. Reduced frequency 
and severity of disturbance events has allowed for the ingrowth of shade-tolerant, 
mesophytic species into forest understories; the result is shifting species compositions 
and changes in forest structure. In some cases, the loss of masting species, such as oak 
(Quercus spp.) and hickory (Carya spp.), may also accompany a shift in forest function 
and further accommodate other species shifts among mammal, insect, and bird 
populations. Management efforts have been suggested as a possible means to imitate 
natural patterns of disturbance that will sustain historical forest species composition, 
structure, and function, but studies designed to investigate forest responses have 
exhibited mixed results. Numerous studies have explored changes in old-growth forest 
composition and structure over time through long-term or dendrochronological studies, 
but this research also explores composition and structure of forests over time under 
natural and management scenarios; to the best of my knowledge, the data used for this 




forest. I used a long-term study of the Purdue Davis Agricultural Center mixed-hardwood 
deciduous forest stands in east-central Indiana, U.S.A. I examined transitions of species 
composition and structure in a natural, relict forest as a contrast to stands that were 
subjected to partial, selective harvesting in the context of reduced disturbance regimes. 
All stands were grazed by domestic livestock until about the 1920s, at which time the 
forest stands were fenced to eliminate grazing. Dutch elm disease also impacted these 
stands around the middle of the 20th century by eliminating many large elms (Ulmus spp.) 
and reducing elms to a predominantly understory species. The relict stand was generally 
untouched since 1926, with the exception of the occasional removal of some dead or 
near-dead trees (removal of 5.8 trees ha-1; 5.3 m3 ha-1). The single-harvest stand was 
selectively harvested in 1951 (removals of 18.4 trees ha-1; 8.1 m3 ha-1), while the double-
harvest stand was harvested in 1951 (removal of 11.6 trees ha-1; 9.8 m3 ha-1) and again in 
1964 (removal of 11.3 trees ha-1; 7.8 m3 ha-1). The three stands were initially sampled in 
1926 – 1927; all trees  10 cm at 1.37 m height (dbh) were mapped, identified by species, 
and measured by dbh, and I followed the same sampling protocol in 2010. Coarse woody 
debris (CWD), including down dead wood (DDW) and standing dead wood (SDW), 
abundance and location were estimated using probability proportional to size method 
based on a 10 m by 10 m sampling grid across each stand. In addition, dendroecological 
analysis was conducted by coring trees in a subset area of 2.25 ha within the relict and 
one of the managed stands; I sampled a single tree closest to the sample point based on a 
10 m by 10 m sampling grid to estimate disturbance frequency and size over time. 
Partial, selective harvests resulted in increased species richness, diversity, and 




three stands experienced increases in stem density and basal area, particularly in the 
number of understory shade-tolerant trees, notably sugar maple (Acer saccharum 
Marsh.), elms, and basswood (Tilia americana L.). Shade-tolerant species became less 
aggregated over time, and shade-intolerant species, particularly ash (Fraxinus spp.) and 
hickories, became increasingly aggregated. Spatial arrangement of overstory trees 
became more random over time, understory trees became less aggregated, and there 
appeared to be little correlation among strata in either period. At a neighborhood level, 
neighborhoods became increasingly smaller with a greater number of neighbors over time 
in all stands, and the relict and single-harvest neighborhood species became more similar, 
but neighborhoods of the double-harvest stand became less similar. The disturbances of 
the partial harvest stands resulted in a retrogression of stand development by allowing 
portions of the stand to persist in an earlier stage of development and maintain more mid-
seral, mast- producing species, notably oaks and hickories; this was considered a positive 
development by diversifying structure and maintaining a degree of functional resilience 
by ensuring the presence of mast-producing species. 
Dendroecological analysis of the relict and single-harvest stands indicated that 
disturbance was primarily characterized by small-scale (< 200 m2) overstory 
disturbances, but the relict stand had a significantly higher number of gaps and stand area 
in gaps annually. It was evident that after 1952 disturbance patterns within the two stands 
differed; approximately 27% of the sample area of the managed stand had newly-formed 
gaps because of the Dutch elm disease and harvest, stand structure likely accounted for 




area in new gaps, and less variability in gap size because there were fewer large gaps 
formed after 1952. 
Related to differences in disturbance histories, I observed very different temporal 
patterns of species group establishment and canopy accession between the two stands. 
With the cessation of grazing around 1920, sugar maple became increasingly established 
in the understory and recruited into the canopy. Canopy accession patterns indicated 
virtually all trees rely on disturbance for recruitment, and most were established in gap or 
high light environments. In many cases differences in mean understory residence time 
were more related to the timing of establishment and canopy accession of the respective 
species rather than silvical traits of the individual species. 
Natural and anthropogenic disturbance patterns not only influence patterns of 
stand growth and development, but they also contribute to the structure of the dead wood 
material that many organisms rely on. The individual piece size, density, and volume of 
down dead wood (DDW) and standing dead wood (SDW) were all higher in the relict 
stand compared to the double-harvest stand. In addition, higher densities and volumes of 
DDW and SDW were observed in the largest size and most highly decayed classes in the 
relict stand. Higher rates of disturbance and large pieces of DDW and SDW in the relict 
stand also meant higher connectivity across all size classes, generally fewer patches, and 
larger average patch size across most size classes. Even after almost 50 years, coarse 
woody debris in the partially harvested stands has not recovered to natural levels. The 
differences in abundance and connectivity were attributed to higher disturbance rates in 




piece sizes and more decay-resistant species will tend to persist on site longer, thus, 
allowing for greater accumulation and connectivity as trees die. 
This long-term study provided insight into forest development during a period of 
transition in disturbance regimes; less frequent and intensive disturbances have altered 
stand structures and composition over time. Although the partial harvest stands did 
successfully recruit mid-successional, shade-intolerant species, such as oak and hickory, 
into the overstory, without further management, it is likely they too will transition to late-
successional species. The fact that these stands were able to recruit oaks and hickories is 
likely a tribute to past disturbance regimes, which provided a pool of advanced 
regeneration prior to harvest, and fortuitous timing of the harvest events to release the 
understory. 
This study highlighted both the importance of disturbances on species 
composition and stand structure, and the fate of “disturbance legacies” (e.g. CWD) over 
almost a century. That highlights the importance and value of long-term, detailed 
planning to ensure sustainability of structure and legacies. Further, efforts to replicate 
past disturbance regimes as a coarse filter for biodiversity conservation must be extended 
to match impacts on the understory composition as well as the overstory. Planning must 
also ensure the provision of suitable coarse woody debris over time to maintain, or even 









Over the past century, we have witnessed a monumental change in disturbance 
regimes in North America. As human populations increased, fragmentation of the 
landscape accelerated, and gradually our relationship to the land, particularly forests, 
changed. Historically, disturbance regimes of the eastern Forest were largely 
characterized by frequent minor and moderate disturbances, particularly fire and grazing 
after European settlement. Disturbances predominantly affected understory vegetation, 
thus, operating as a filter to influence forest species composition and structure. As fire 
and grazing were removed from the landscape, forests became increasingly dominated by 
mesophytic, shade-tolerant species, and tree densities increased with increased leaf area 
distributed throughout the canopy. 
The purpose of this dissertation research is to explore dynamics of natural and 
anthropogenic disturbances in the context of these changing disturbance regimes. I 
studied long-term changes of temperate deciduous forest communities of the glaciated-
portion of the Central Hardwood Forest in central Indiana. This work will provide insight 
into compositional and structural changes of these forests during the past century, a 




managed (i.e. selective harvesting) conditions. Understanding the influence of 
disturbance and the trajectory of compositional and structural change associated with 
disturbance, both natural and anthropogenic, can provide insight into the ecology and 
management of forests. These natural disturbance patterns can be used as a guide to 
forest management, and may provide a means to maintain or even increase forest 
resilience and biodiversity. 
 
1.2 Disturbances of Temperate Deciduous Forests 
 
The oft-cited definition of disturbance is “any relatively discrete event in time that 
disrupts ecosystem, community, or population structure and changes resources, substrate 
availability, or the physical environment” (White and Pickett, 1985). Disturbances, both 
natural and anthropogenic, affect forest composition, structure, and ecological processes, 
all of which influence related forest goods and services, such as productivity, habitat, 
water cycling, nutrient cycling, and biodiversity.  
Disturbances typically result in the death of individuals within a community, thus 
creating physical space and making additional resources available to new or existing 
organisms within the system. Patterns of forest disturbance over a long time frame, multi-
decadal and beyond, are defined as the disturbance regime, which is closely associated 
with the forest community in which it occurs. I have intentionally avoided the term 
“natural disturbance regime” because of the confusion and alternate interpretations of the 




1999; Klenk et al., 2008); “disturbance regime” will be used to identify both the natural 
and anthropogenic patterns of disturbances. 
Disturbance regimes influence the composition and structure through the 
frequency, severity, and size distribution of characteristic types of disturbance common 
to a region (Frelich, 2002). Frequency may be defined as the number of disturbance 
events per time period, and severity is the amount of mortality associated with a 
disturbance event in a given area. Flora and fauna assemblages develop in response to 
disturbance regimes over extended periods of time, and current assemblages are the 
manifestation of the prevalent historic disturbance regime.  
Since the retreat of the Laurentide ice sheet during the Wisconsin glaciation, 
vegetation assemblages of the Central Hardwood Forest have shifted through various 
stages until about 9,000 years before present (BP) when oaks (Quercus) became the 
dominant trees in the region (Delcourt and Delcourt, 1991). After 5,000 years BP as 
precipitation levels increased, oak-hickory (Quercus-Carya) associations expanded their 
range, as did mesophytic species such as sugar maple (Acer saccharum Marsh.), red 
maple (Acer rubrum L.), ashes (Fraxinus spp.), American beech (Fagus grandifolia 
Ehrh.), and basswood (Tilia americana L.). As human populations progressively settled 
these regions, fire was increasingly used as a tool to clear land for farming, reduce 
understory vegetation for hunting and defense, and promote important mast-producing 
species, including chestnut (Castanea spp.), oak, and hickory (Abrams and Nowacki, 
2008). As Europeans began settling the western part of the region in the early 19th 
century, forest disturbances intensified. Burning, grazing of domesticated livestock, land 




and in most cases helped proliferate oak regeneration that had been accumulating in 
forest understories. The common overstory forest species complexes we encounter today 
are largely a relict of the past disturbance regimes of the region, and as disturbance 
regimes have shifted, so have the species compositions of many forests. 
In the early 20th century, laws were increasingly encouraged to limit or eliminate 
fire to protect property and forests. Grazing of forest understories was increasingly 
limited, and timber harvesting was shifting to an uneven-aged approach (Johnson et al., 
2002). As disturbance levels declined, fire-intolerant, mesophytic, shade-tolerant species 
increasingly established below the predominantly oak-hickory canopies that had been 
sustained by frequent and low- to moderate intensity fire regimes for centuries. With the 
accumulation of stem densities and canopy cover, understory light levels declined, and 
shade-intolerant species of sapling and pole size were increasingly rare. Decreased fire 
frequency (Abrams, 1992; Lorimer 1993; Abrams and Nowacki, 2008) and decreased 
understory light levels (Hodges and Gardiner, 1993; Lorimer et al., 1994; Parker and 
Dey, 2008) have most commonly been implicated in the failure to regenerate oaks and 
their historic associates. Over the last 60 years or so, there has been increasing alarm 
regarding the failure to adequately regenerate oak and hickory species, and the related 
shift in species compositions dominated by mesophytic, shade-tolerant species. 
For eastern deciduous forests, the period between stand replacing disturbances is 
estimated to be approximately 1,000 years (Lorimer, 1989), much longer than the 
dominant taxa of these forests. Moderate-severity disturbance events that remove 30% – 
60% of the canopy are estimated to be more frequent than stand-devastating events; 




northern hardwood forests of Michigan. The infrequent nature of large disturbances, 
however, suggests that species composition and structure are driven by fine-scale 
disturbances of dominant and co-dominant canopy trees (Runkle, 1990, 1998, 2013; 
Busing, 2005).  
 Canopy disturbance occurs with the loss of large individual branches, a portion of 
tree crown, or death of one or more canopy trees. Mechanisms of tree death include biotic 
means, such as senescence, disease, insect or fungal infestation, and harvesting, or abiotic 
means including windthrow, ice storms, lightning strikes, or snow loading (White and 
Pickett, 1985). Gap size will be dependent on the number of trees involved, the 
mechanism of tree death, and tree size, and the size of the gap will also influence 
vegetative recovery within the gap. Small gaps tend to fill by the lateral growth of gap 
border trees or the increased height growth of advanced regeneration in the mid-story 
(Runkle, 1985). If a gap is sufficiently large, > 400 m2 (Trimble, 1970), early-
successional species, such as yellow-poplar (Liriodendron tulipifera L.) may be able to 
capture the released growing space, assuming any pre-existing advanced regeneration has 
been destroyed. The window of opportunity for shade-intolerant species to establish and 
compete in canopy gaps is rather limited, and relative to gap size, but five years 
following gap creation, the probability that a shade-intolerant species will capture the gap 
is rather low (Canham and Marks, 1985; Clinton et al., 1994).  Shade-tolerant species can 
photosynthesize at lower light levels under dense canopies, and they are able to respond 
to even minor increases in understory light levels (Canham, 1989), thus, they are well 





1.3 Disturbance as a Guide to Management 
 
An emerging paradigm of forest management is centered on emulating natural 
disturbances. The concept has been identified by many different names including 
“ecosystem-based management” (Fenton et al., 2009), “nature-oriented forest 
management” (Nuske et al., 2009), “natural disturbance-based management” (Drever et 
al., 2006; Burton et al., 2009), or “ecosystem management” (Puettmann and Ammer, 
2007) among others. This coarse-filtered approach has largely focused on the historical 
range of forest conditions as a reference for management prescriptions at the stand and 
landscape levels. It is proposed that practices that emulate historical disturbance regimes 
can produce forest composition and structure similar to the conditions that provided the 
very biodiversity we aim to preserve. Ecologically sustainable forest management is 
regarded as strongly reliant on the provision of varied historic range of natural 
disturbance regimes to maintain ecosystem function, biodiversity, and resilience (Landres 
et al., 1999; Kuuluvainen, 2009). 
Heterogeneity across scales is generally considered to be the driving force behind 
biodiversity (Pickett et al., 1997; Spies and Turner, 1999; Kuuluvainen, 2000). 
Heterogeneity dictates variation in resource and habitat availability, which provide for an 
array of organisms with evolved life-history strategies adapted to exploit the resulting 
biotic and abiotic complexity of forest ecosystems. Trees, the primary producers in 
forests, are the most influential source of heterogeneity by means of their growth habits 
and patterns, and their spatial arrangement. Understanding forest dynamics and the 




heterogeneity at multiple scales to maintain biodiversity and resilience (Kuuluvainen, 
2002). Structural heterogeneity is generated and sustained by disturbance and 
successional processes over a range of spatial and temporal scales. The two processes are 
intricately linked because disturbance characteristics may influence successional 
development, which may in turn influence future disturbance patterns based on species or 
time interval, among other factors.  
Application of ecosystem management has been severely hampered by a limited 
understanding of the historical range of structure and dynamics of natural forests. Natural 
forest ecological characteristics and processes, such as composition, structure, 
disturbances, regeneration and successional dynamics, are needed to help develop and 
refine ecologically sustainable silvicultural practices (Kuuluvainen, 2002). In many 
regions, such as Europe and eastern North America, few remnants of natural forests 
remain, and those that do likely offer incomplete descriptions of historic trends and 
variability. Development of ecologically sustainable forest management practices would 
be enhanced by fine-scale, long-term data that addresses natural forest structure and 
dynamics, but, unfortunately, there are few examples of this type of information. The 
Davis Research Forest at Davis-Purdue Agricultural Center is one such example and 
offers a rare opportunity to document long-term dynamics of mesic hardwood forests of 








1.4. History of Research on the Davis Research Forest   
 
The Herbert Davis Forestry Farm, now known as the Davis-Purdue Agricultural 
Center, was donated to Purdue University in 1917 by Mrs. Martha F. Davis. Purdue’s 
Board of Trustees decided to “…leave the forestry stands [on the farm] as far as possible 
in their natural state. Nevertheless a wise plan of conservation could be followed by the 
removal of certain of the standing dead trees and perhaps certain of the new 
undergrowths.” (Burr Prentice, unpublished). It was also decided an inventory would be 
conducted for the woodland stands on the farm “…to serve as a record … of a consistent 
plan for the conservation and preservation of the trees and other flora.” (Burr Prentice, 
unpublished). The long-term study of these forests constitutes one of the oldest and 
largest spatially-mapped forest datasets in North America.  
The largest (20.1 ha), and least disturbed tract, what is today Davis Research 
Forest (alias old-growth stand, compartment 1, or relict tract in this study), and is a 
registered national landmark. It was partially re-inventoried in 1976 and 1981 by Dr. 
George Parker, and in 1986 and 1992 he supervised the re-sampling of the entire tract. 
Since 1926, the other three stands on the Farm were subjected to varying degrees of 
selective harvesting and other silvicultural treatments (e.g. vine removal, girdling), many 
of which may not have been recorded or the records have been lost. For a complete 
timeline of Herbert Davis Forestry Farm activities and related publications, see Appendix 
A. 
During 1926 and 1927, the initial inventory was undertaken by Dr. Burr Prentice, 




≥ 10.2 cm diameter at breast height (dbh) were tagged, measured, and mapped. Species, 
dbh, and canopy position were recorded for all trees; additional notes regarding vigor, 
longevity, and vines (Vitis species) were also recorded. Tree locations were surveyed and 
mapped for all woodland stands. It is unknown whether he was cognizant of the foresight 
embodied in his sample design, but it offers a unique opportunity to study stand dynamics 
of a mesic hardwood forest within a fragmented landscape both spatially and temporally 
over almost 80 years. 
Although complete inventories of the stand were conducted after 1926 by T.W. 
Beers (1961 and 1971), the focus was primarily on timber–related measures with little 
detailed information available.  However, in 1961 Rogers (unpublished data) did report 
on seven “relatively untouched” plots, as originally laid out by Prentice (1926); four one-
acre plots were contiguous. In just 35 years between the initial inventory by Prentice in 
1926 (and the cessation of regular grazing) and the 1961 inventory, it was readily evident 
that shade tolerant species were accumulating in the smaller diameter classes; even at this 
time, Rogers noted the lack of oak reproduction and the prevalence of ash (Fraxinus 
species), maple (Acer species), and elm (Ulmus species) species in the understory. 
In 1976, an inventory of the central 8.5 ha of the old-growth stand was conducted 
and trees (> 10 cm dbh) were measured, mapped, and assigned new tags. In 1986, a 100% 
inventory of the old-growth stand was conducted and trees were measured, mapped, and 
assigned new tags. In this survey, tree locations were coarsely assigned to a 10 m x 10 m 
plot rather than exact x-y locations. In 1992, a 100% inventory of the old-growth stand 
was conducted and trees were measured and mapped; the same mapping method from 




100% inventory of the old-growth stand was conducted and trees were measured and 
mapped; the same mapping method from 1986 was again used but no new tags were 
assigned except for ingrowth trees. Between 1986 and the present, mortality surveys were 
conducted in 1987-89, 1991, 1993-96, and 1999. 
After the initial 1926 survey, compartments 2 (7.8 ha) and 4 (2.8 ha) were not 
inventoried again until the 1980’s. Compartment 2 (alias single-harvest stand in this 
study) was re-measured in 1988 and new tags were assigned, but no spatial data were 
recorded at this time. Compartment 4 (alias double-harvest stand in this study) was 
inventoried in 1987 with tree dbh measured and new tags assigned. In 1992, it was again 
re-measured and new tags were assigned to ingrowth stems. No spatial data were 
recorded for compartment 4 either. Very few tags from 1926 were correlated with the 
later inventories, presumably related to Dutch elm disease, and harvests; in addition, 
many of the tags from the 1980s inventories were not legible because of extensive 
scratching on many tags, thus, relating data of individual trees to the 2010 inventory was 
not considered reliable. 
In the 1960 management plan for Herbert Davis Forestry Farm, Dr. Beers 
indicated that “considerable” timber had been cut in the past as needed for farm-building 
construction (see Appendix A). The harvesting records for the farm are incomplete, but 
some have better documentation than others. Records indicate that stands were 
selectively harvested, and generally focused on removing low vigor or unhealthy trees to 
maintain a “healthy” forest. In some cases individual trees removed are noted by 1926 tag 




Several published studies have been conducted in the forests of the Herbert Davis 
Forestry Farm, although most have focused on the old-growth forest. Parker and Leopold 
(1983) observed that most elms from the 1926 inventory had been killed by Dutch elm 
disease and elm yellows (phloem necrosis), although a three-fold increase in American 
elm (U. americana) density in was recorded 1976. The role of American elm as an 
overstory tree had been severely limited by disease, and early reproductive maturity and 
shade tolerance allowed American elm to persist, although its presence is restricted to 
smaller diameter individuals. In 1981, the central 8.5 ha of the old-growth stand Leopold 
et al. (1985) observed that most species exhibited spatial aggregation, which they 
attributed to gap colonization, impeded soil drainage (silver maple [Acer saccharinum 
L.], black ash [Fraxinus nigra Marsh.], and bur oak [Quercus macrocarpa Michx.]), 
vegetative reproduction (Ohio buckeye [Aesculus glabra Willd.], American beech [Fagus 
grandifolia Ehrh.], and honeylocust [Gleditsia triacanthos L.]), and historical factors 
(cutting and grazing). Only northern red oak (Quercus rubra L.) had a uniform pattern; 
sugar maple and American elm were observed to have the most random dispersion. In 
agreement with Leopold et al. (1985), Aldrich et al. (2003) determined that some degree 
of aggregation characterizes most species. Heterogeneity of spatial structure was evident 
between two large plots, indicating that differences in site quality and history had 
influenced spatial structure. Shade-intolerant species were numerically dominant and 
spatially aggregated in 1926 but declined in density over the 60-year interval and become 
more random in spatial dispersion. Shade-tolerant species increased in number and 
become more aggregated over time, or they exhibited little change in spatial structure. 




toward uniformity over the same time frame. In a different study, Aldrich et al. (2005) 
examined long-term changes in the diameter distribution of red and white oaks of the old-
growth and double-harvest stands. Prior to the suppression of disturbances after Purdue 
University took ownership of the property, oaks shifted from a bell-shaped or even-aged 
diameter distribution in 1926, which the authors attributed to a history of disturbance 
from timber removal, grazing, and fire. Later inventories confirmed that oaks were more 
prominent in the small, double-harvest stand, but were displaced by more shade-tolerant 
species in the center of the large, old-growth stand. They attributed the lack of oak 
regeneration to shade-intolerance and a low-intensity disturbance regime in the large 
stand interior. 
Parker et al. (1985) documented changes in the central 8.5 ha of the old-growth 
stand between 1926 and 1976. Stand density and basal area increased by 93.9 and 30.8%, 
respectively, to 320 stems ha−1 and 31.0 m2 ha−1. Density of American elm and sugar 
maple increased most; the largest density decreases were of northern red oak and white 
ash. Basal area increases were greatest for northern red oak, sugar maple, and white oak 
(Quercus alba L.). The most important species in 1926 were (in order of decreasing 
importance value) northern red oak, white ash, white oak, bur oak, and American elm. In 
1976, northern red oak, American elm, sugar maple, white oak, and white ash were the 
most important. Nearly half (46.9%) of those trees measured in 1926 had died by 1976; 
however, mortality varied by species, size-class, and size-class within a species. Species 
with low mortality (≤ 25%) included sugar maple, Ohio buckeye, hickory species (except 
bitternut hickory [Carya cordiformis (Wangenh.) K. Koch.]), hackberry (Celtis 




included American beech, American elm, red elm (Ulmus rubra Muhl.), and black ash. 
The majority of ingrowth trees within a 5 m radius gap of dead dominant or codominant 
trees were American elm (30% of total), followed by sugar maple (20%). Mortality was 
relatively low and diameter growth high in the 50.0 – 69.9 cm diameter class for all 
species combined. An analysis of the size-class distribution of all species suggests that 
early and mid-seral species such as honeylocust, black walnut (Juglans nigra L.), and oak 
species are gradually being replaced by more tolerant, late seral and climax species such 
as sugar maple, Ohio buckeye, shagbark hickory (Carya ovata (Mill.) K. Koch.) and 
others. Despite the old-growth appearance of this forest, many structural and 
compositional changes are evident since 1926. 
Ward and Parker (1989) evaluated spatial pattern and density of woody 
regeneration in relation to canopy structure for the old-growth stand. All woody stems ≥ 
2 cm dbh were recorded by species and diameter on a 4-ha area gridded into 10 x 10 m 
quadrats. Canopy structure was inventoried using a 5 x 5 m grid. Canopy structure was 
divided into three classes: canopy gaps, secondary canopy, and primary canopy. The 
nonparametric dispersion index was used to examine spatial patterns of woody species 
and the Clark-Evans nearest neighbor index was used to examine spatial pattern of 
canopy gaps. Canopy gaps covered 9.0% of the 4 ha area, averaged 52.4 m2 in area, and 
were randomly dispersed. While overall regeneration density did not vary significantly 
with canopy structure, densities for some individual species were significantly different 
under different canopy structures. The current disturbance regime of this forest, primarily 





These previous studies, largely of the old-growth stand, indicated that the 
decreased disturbance of the forest has resulted in an increase in the density and 
importance of shade-tolerant species, particularly sugar maple and elm. In addition, an 
increasingly uniform pattern of spatial dispersion over time, although most species 
exhibited aggregated patterns. However, outside of largely broad descriptive studies (e.g. 
Aldrich et al., 2005), there has been little in-depth, comparative study of the two stands 
that have been subject to greater disturbance through harvesting, compartments 2 (single-
harvest stand) and 4 (double-harvest stand). Therefore, I sought these stands as an 
opportunity to examine the persistent effects of past harvesting relative to the natural 
development patterns of the old-growth stand. 
   
1.5. Objectives  
 
The primary objective of this research was to examine the disturbance history of 
three mixed-hardwood forests of Indiana, and the long-term changes in composition and 
structure associated with those disturbances. Two of the stands have been harvested at 
differing intensities approximately 50+ years ago, and the third stand has been largely 
unmanaged for 90 years. I explore the potential that small-scale selective harvest events 
mimic natural disturbance events, although that was not the original intent of the harvest 
prescriptions at those sites. To the best of my knowledge, this is the oldest, spatially 
explicit dataset in eastern North America that can evaluate structural and compositional 
changes in a relict forest relative to similar forests that have been subject to forest 




1926 and 1927 provide further insight into changes in response to disturbances over time. 
I hypothesize that the selective harvesting would not be comparable to natural 
disturbance events regarding long-term species composition and stand structure. The 
main objectives of this research are as follows: 1) quantify changes in species 
composition and spatial arrangement of natural and managed stands from 1926 to 2010; 
2) examine disturbance history of natural and managed stands, and quantify gap size 
distributions and area disturbed; 3) compare different patterns of canopy accession of 
species groups and relation to modern species composition; 4) compare quantity and 
spatial distribution of coarse woody debris in natural and managed stands.  
 Chapter 2 examines species composition and structure of live trees in 1926 and 
2010 of the relict and managed stands, and the capacity for partial harvests to increase 
resilience and diversity compared to the relict stand. For all trees  10 cm dbh, diameter 
and species were tallied, and each tree location was mapped. I hypothesized that 
increased disturbance through harvesting would increase tree species diversity because of 
increased variability of microenvironments, and shade-intolerant, mast-producing species 
would comprise a greater proportion of canopy space; this would be considered indicative 
of increased resiliency within these stands. However, the low levels of disturbance pre- 
and post-harvest would allow for the development of shade-tolerant mesophytic 
understories. This would make spatial distribution of all live trees increasingly uniform 
over time, although harvesting itself would create a more random distribution of 
overstory trees. 
Chapters 3 and 4 use dendrochronology to explore the historic patterns of 




1920 to 1999, to understand current species compositions and stand structures. In a 2.25 
ha subset area of each stand, a tree ( 10 cm dbh) was cored at each point on a 10 m x 10 
m grid, regardless of size or species. To evaluate periods of disturbance, the radial growth 
averaging method of Nowacki and Abrams (1997) was applied to each core. Historic gap 
sizes were based on the location of release events adjacent in space and time. Chapter 3 
proposes that a moderate disturbance phase related to harvesting and Dutch elm disease 
over a period of about 10 years will reduce the disturbance frequency in the managed 
stand compared to the relict stand, and gap size will be smaller and less variable over 
time also. Chapter 4 examines canopy accession and mean understory residence times of 
seven different species groups in the same two stands. The moderate disturbance of the 
managed stands’ overstory is expected to increase the rate of canopy accession of a 
greater number of shade-intolerant species, and reduce the mean understory residence 
time of all species groups. Understanding disturbance, establishment, and canopy 
accession patterns may provide insight into the ecological foundations and the 
maintenance of oak-hickory forest types and their associated forest functions. 
In Chapter 5, the long-term effects of partial harvests on coarse woody debris 
(CWD) abundance and spatial distribution are considered. Variable radius plots on a 10 
m x 10 m grid were used to sample CWD, both downed dead wood and standing dead 
wood. Changes to the species composition, structure, and disturbance rates within each 
stand discussed in previous chapters are expected to decrease the abundance and 
distribution of CWD in the partially harvested stands. 
This study documents long-term changes of early European settlement vegetation 




levels, a common phenomenon across many forest ecosystems, are increasingly altering 
species composition and structure by allowing for more mesophytic, shade-tolerant 
species in forest understories. These three study sites provide a contrast of alternate stand 
development scenarios based on management intervention and natural disturbance 
patterns. Understanding the long-term consequences of management decisions may 
provide insight into refining management strategies that can reproduce the structure and 
legacies of historic and natural disturbances. The historic range of structural and 
compositional variability created by disturbances can provide a template for silvicultural 
methods and management strategies that promote forest resilience and biodiversity at 
stand and landscape levels; this study provides invaluable insight into how these 






Figure 1.1. Map of the forested stands and associated compartment numbers of the 






CHAPTER 2  SPATIOTEMPORAL RESPONSES TO OVERSTORY 




The past century has witnessed fundamental shifts in the use of forests from 
economic exploitation, to multiuse, and finally to a more holistic model encompassing 
both economic and ecological values.  The increased recognition of ecological values has 
driven the consideration of “nature-based” management practices designed to emulate 
natural disturbances and promote similar outcomes, most notably promoting ecological 
resilience (i.e., the capacity of a system to absorb a perturbation without experiencing 
change to a fundamentally different state) through the maintenance of ecosystem 
function, structure, and diversity (Attiwill, 1994; Seymour and Hunter, 1999; Franklin et 
al., 2002; Elmqvist et al., 2003). From an applied perspective, the manipulation of 
overstory structure is a means to influence forest dynamics to increase economic benefits 
and/or ecosystem services, but artifacts of intervention, whether successful or not, may 
persist far into the future and influence subsequent management decisions. Removal of 
living biomass from a forest potentially has widespread impacts on ecosystem processes, 




It is widely recognized that disturbance influences patterns of recruitment, 
growth, mortality, and structure in forests (Bormann and Likens, 1979; Runkle, 1984; 
1985; Busing, 1997, 2009; Chapman et al., 2006). Classical models of forest 
development are driven by natural disturbance patterns: catastrophic disturbance initiates 
even-aged forest development, a period of maturation dominated by autogenic 
disturbances, and subsequent development of complex, uneven-aged structures through 
allogenic disturbances, until a time when a catastrophic disturbance reinitiates the cycle 
(Oliver and Larson, 1996; Franklin et al., 2002). Depending on the timing, frequency, and 
intensity, harvest events can induce a retrogression of structural development at local and 
stand-level spatial scales, in essence, reverting areas to an earlier successional stage. 
Conversely, harvest may accelerate succession by removing the dominant cohort of early-
mid seral species and releasing subdominant late-seral species. 
The natural disturbance regime of eastern hardwood forests is largely 
characterized by the loss of large individual branches, individual canopy trees, or small 
groups of trees that create gradual or sudden openings in the canopy (Bormann and 
Likens, 1979; Runkle, 1985) ranging in size from 0.0004–0.1 ha (Seymour et al., 2002). 
Runkle (1982, 1985) estimated that the average rate of canopy gap creation for old-
growth forests was approximately 1% of total land area per year with a range of 0.5% to 
2.0%. These small canopy gaps are generally filled by lateral expansion of border tree 
canopies or ascension of understory trees (Hibbs, 1982; Runkle, 1982) and perpetuate late 
successional, shade-tolerant species, only rarely accommodating the ingrowth of trees 
less tolerant of shade (Runkle, 1982; Busing, 1998; Lin and Augspurger, 2008; Allen et 




the loss of redundancy in species pools and the loss of functional diversity through a 
more restricted range of traits (Walker, 1995; Diaz and Cabido, 2001). 
Partial harvests create single- or multiple-tree canopy openings scattered across 
stands in a single entry event. They are considered to better reflect natural disturbances at 
a local scale, i.e. the gap level, and provide a potential means to promote ecological 
resilience, most notably biodiversity (Seymour and Hunter, 1999). Like natural 
disturbances, many studies have observed that partial harvests tend to promote the 
development of shade-tolerant regeneration in the understory (Abrams and Scott, 1989; 
Abrams and Downs, 1990; Jenkins and Parker, 1998; Ozier et al., 2006). However, at the 
stand level, a partial harvest opens numerous canopy gaps simultaneously with the 
distribution and area of harvested gaps generally unlike the spatiotemporal pattern of 
typical gap dynamic disturbance regimes. Thus, disturbance severity is often increased 
with the predictability and return intervals of future natural disturbances altered.  
Partial harvests influence spatial pattern over the long-term at both local- and 
stand-levels. Spatial pattern of trees influences microclimate (Chen et al., 1999; Parker et 
al., 2004), local intensity of plant competition (Oliver and Larson, 1996), distribution of 
roost and food (e.g. pollen, fruits) resources (Hayes and Loeb, 2007), richness and 
abundance of vertebrate (Müller et al., 2009; Jung et al., 2012) and invertebrate species 
(Müller and Brandl, 2009), and animal movement (Doak et al., 1992; Caras and Korine, 
2009). Thus, spatial heterogeneity at multiple scales can also be considered a critical 
component of resilience within forest systems. An improved understanding of spatial 
patterns is critical to understanding the spatially-variable biological processes that 




model-based (Moeur, 1997; Druckenbroad et al., 2005) and chronosequence studies 
(Laessle, 1965; Ghent and Franson, 1986) infer that density-dependent processes cause 
uniformity within cohorts under a scenario of small-scale or no disturbance, but very few 
studies have monitored spatial patterns over time. Over a 22-year period, Christensen 
(1977) observed a change in overall pattern from random to uniform in a climax 
Quercus-Carya forest in North Carolina, U.S.A.; for both sample periods, smaller size 
classes exhibited aggregated distributions, while larger size classes were random or 
uniform in pattern. In an Acer saccharum Marshall sub-population in Illinois, U.S.A., Lin 
and Augspurger (2008) observed that the smallest size classes were aggregated in 1951, 
but exhibited a random pattern by 2001; the intermediate size class remained aggregated 
and the largest size class was random over that entire period. Ward et al. (1996) 
examined changes between 1926 and 1986 in a Quercus-Carya relict forest in Indiana, 
U.S.A., one of the same stands used for the current study, and found that it shifted from a 
weakly non-random to a uniform pattern over that time. Temperate forests dominated by 
gap dynamics display a tendency to move toward uniform patterns as competition for 
limited resources cause density-dependent mortality. Thus, it would be expected that 
forest management would interrupt this trajectory and delay the emergence of a uniform 
distribution. 
To successfully predict the long-term effects of forest management on ecosystem 
resilience, we must understand the spatial and temporal effects of management-based 
disturbance and how these effects compare to those created by natural patterns of 
disturbance. Differences in intensity, frequency, or return interval of disturbance may 




of individuals of different life stages (Pretzsch, 1998; Pommerening, 2002). These 
changes may, in turn, affect response diversity through changes in the variability of 
responses among species that contribute to the same ecological function (Elmqvist et al., 
2003). Although studies in the past two decades have contrasted the natural development 
of these complex forests with forests that have been subject to partial harvests (McGee et 
al., 1999; Loewenstein et al., 2000; Nolet et al., 2008; Zenner et al., 2013), few have 
offered a long-term perspective on the potential of forest management to achieve 
objectives related to ecosystem resilience. Understanding the long-term responses of 
forest systems in terms of species composition, structure, and assemblage is critical to 
evaluating the suitability of management regimes.  However, this type of assessment is 
dependent upon long-term datasets that compare managed forests to unmanaged forests 
governed by endemic disturbance regimes. 
To evaluate the trajectory of structural and successional development in forests 
and examine their potential contribution to ecosystem resilience, I used long-term data to 
compare the species composition, horizontal spatial structure, and vertical stratification of 
a relict mesophytic hardwood stand to two stands that were partially harvested in the mid-
20th century. The partial harvest stands were considered resilient if, in comparison to 
1926 conditions, they exhibited similar or increased diversity of species, in particular 
species that produce mast crops and provide redundancy in this essential ecosystem 
function, and similar stand structural patterns (e.g. diameter distributions, tree dispersal). 
All three stands were initially inventoried and mapped in 1926; I resampled them again in 
2010. To the best of my knowledge, this is the oldest, spatially explicit dataset in North 




forest relative to similar forests that have been subject to forest management. I developed 
the following hypotheses: 1) surveyed stands will display increasingly greater diversity in 
composition at neighborhood (i.e. ≤ 13.7 m) and stand levels based on the premise that 
greater frequency of harvest disturbance creates increased variability of 
microenvironments favoring greater variability in species traits; 2) reduced rates of 
understory disturbance in all stands will be associated with a more uniform spatial 
distribution of trees within the understory; 3) increased frequency of overstory 
disturbance will result in a more random distribution of dominant and codominant trees; 
and 4) increased frequency of overstory disturbance will result in retrogression of stand 
development as reflected in stand structure and composition, thus, contributing to 




 2.2.1. Study Sites 
 
Three deciduous forest stands, located at the 252 ha Davis-Purdue Agricultural 
Center (DPAC) in Randolph County, east-central Indiana (40°15’26”, 85°09’16”), were 
used as study sites. DPAC is located within the glaciated Tipton Till Plain, which covers 
central Illinois, Indiana, and Ohio. Soils are largely Pewamo (fine, mixed, mesic Typic 
Argiaquolls) and Blount (Fine, illitic, mesic Aeric Ochraqualfs), with inclusions of 
Glynwood (Fine, illitic, mesic Aquic Hapludalfs), and Morley (Fine, illitic, mesic 




depressional forests (Lindsey and Schmelz, 1970) characterized by gently rolling, low 
relief topography and elevation changes < 5 m within and across sites. Study sites are 
surrounded by an agricultural matrix that has been ditched and tilled to varying degrees 
over time and have likely influenced mesic conditions within the stands. 
Increment cores taken from Quercus macrocarpa Michx. trees in the relict stand 
in 1980 determined ages between 195 to 300 years (The Lamont-Doherty Geological 
Observatory of Columbia University, Pallisades, NY, unpublished data), which pre-dates 
extensive European settlement in the area. Based on the predominance of Quercus 
species in the canopy in 1926, it is assumed these stands were irregular-aged and 
sustained by frequent, moderate fires that favored fire-tolerant species (e.g. Quercus). 
Prior to acquisition of the property by Purdue University in 1917, it is believed there was 
limited tree removal in all three stands and that livestock regularly grazed the forests 
(Prentice 1926, 1927; unpublished notes); shortly after acquisition, fences were erected 
around the stands to eliminate grazing. By about the middle of the 20th century, Dutch 
elm disease and elm phloem necrosis had killed many of the large elms sampled in 1926 
(Parker and Leopold, 1983), and have presumably been present in all stands until the time 
of this study. Stands were 20.6 ha, 7.9 ha, and 2.3 ha in size. The largest tract, of which I 
sampled only the interior 8.5 ha, is a relict forest with some trees more than 300 years old 
(Parker et al., 1985). Some dead and dying trees were salvaged in 1941, 1948, and 1955 
(removal of 5.8 trees ha-1; 5.3 m3 ha-1), but otherwise the relict stand has had no forest 
management. The smallest stand had a selective harvest in 1951 (removal of 11.6 trees 
ha-1; 9.8 m3 ha-1) and again in 1964 (removal of 11.3 trees ha-1; 7.8 m3 ha-1); this stand 




sampled. The third stand also had a selective harvest in 1951 (removals of 18.4 trees ha-1; 
8.1 m3 ha-1); this stand will be referred to as the single-harvest stand henceforth. I 
sampled only the southern 2.86 ha of this stand because a small road divided the northern 
portion, and trails were maintained in this portion of the stand for periodic removal of 
firewood. All harvested trees in all stands were larger (≥ 40 cm) canopy trees and, 
because harvested tree locations were not recorded, I make the assumption that they were 
removed in a relatively uniform manner across the harvested stands. 
 
2.2.2. Data Collection  
 
All stands were sampled in 1926 and 1927 by Professor Burr Prentice 
(unpublished data). With an alidade and chain, he established quadrats approximately 0.4 
ha in size throughout the entirety of each stand. He identified, mapped, measured, and 
tagged all trees ≥ 10.2 cm diameter at breast height (dbh; Prentice, 1926, 1927; 
unpublished data); these stands were again sampled in 1976 (relict stand only), 1986-
1987, 1992, and 1998. The intermediate sampling periods were not used for this analysis; 
many of the tags from previous samples were damaged or missing entirely, so I could not 
track all trees in all the stands over time. The original quadrats were further subdivided 
into 10 m x 10 m plots using a transit and measuring tape (Ward and Parker, 1989). I also 
identified, mapped, measured diameter at 1.3 m (dbh), assigned strata (suppressed, 
intermediate, and overstory), and tagged all trees ≥ 10.2 cm dbh between 2010-2011. 
Throughout each stand, I mapped trees within 20 m x 20 m areas with the PosTex system 




distance values for all trees relative the center of each plot. Using a geographic 
information system, I was then able to re-create and connect all the plot and tree locations 
throughout each of the stands.  
 
2.2.3. Data Analyses 
 
To limit edge effects of the two smaller stands, I limited the analyses to the 
interior of the stands based on a buffer size of 20 m on all edges. Because of the diversity 
of species sampled within these forests (41 total species), I created 12 species groups to 
help simplify the analysis and presentation (Appendix B). Species group (spgrp) densities 
and basal areas were examined to compare differences among stands and through time. 
Relative measures of density (RD) and basal area (RBA) were used to calculate 
importance values (IV). All analyses were done using R version 2.15.3 (R Core Team, 
2013), and spatial analyses were computed using the spatstat package in R (Baddeley and 
Turner, 2005). 
Shannon-Weaver’s index of diversity (H) was calculated using basal area (BA) of 
all trees (Shannon and Weaver, 1949); BA of woody stems has been shown to better 
reflect site occupancy by species (McMinn, 1992). Larger H values indicate greater 
diversity within a stand and sample period. Pielou’s evenness index (J) was calculated to 
quantify how even the stands are in terms of BA among species (Pielou, 1966). Evenness 
ranges between 0 and 1, with a value of 1 indicating identical BA among all species. To 
evaluate vertical species diversity of the stands during the two time periods, I used the 




stratum (i.e. suppressed, intermediate, and overstory); the index is lowest for single-story 
pure stands and increases as more and more species are equally distributed among the 
three strata. Species profile index, A, is defined as  
 
ܣ ൌ 	∑ ∑ ܴܤܣ௚௛௓௝ୀଵௌ௚ୀଵ ∗ 	 ݈ܴ݊ܤܣ௚௛       (2.1) 
where Z is the number of assigned canopy classes and RBAgh is the relative BA of 
species g in canopy class h. 
I used several metrics to evaluate stand structure. Diameter distributions based on 
5 cm diameter classes and grouped by shade tolerance are a common measure of stand 
structure and were used in this study. I divided all species into two tolerance groups 
based on the shade-tolerance index values of Niinemets and Fernando Valladares (2006; 
see Appendix B); species with an index value ≥ 3.0 were considered tolerant. In addition, 
spatial patterning of trees was summarized by stand, by species group, and by canopy 
strata (defined here as overstory versus understory, where understory includes both 
intermediate and suppressed trees) with several metrics. I used Ripley’s K-function 
(Ripley 1977) to characterize stand level trends. For each point pattern, the K-function 
was computed as: 
ܭሺݎሻ ൌ 	 ௡തೝఒ 	          (2.2) 
where  ത݊௥ is the mean number of neighboring stems within distance r of a tree, and λ is 
the intensity, defined as N/A with N being the number of trees ≥ 10 cm within the stand 
and A the stand area. An isotropic edge correction (Ripley, 1988) was used. I examined 




random process of intensity λ, K(r) =πr2. For a clustered process, where K(r)> πr2, the 
number of neighbors tends to be greater than a random arrangement, and for a uniform 
process, when K(r) < πr2, the number of neighbors tends to be less than a random 
arrangement. 
To aid interpretation, I used the L-function, a square root transformation of the K-
function that normalizes its variance to zero under complete spatial randomness: 
ܮሺݎሻ ൌ 	ට௄ሺ௥ሻగ 	െ ݎ         (2.3) 
I used Monte Carlo simulations to construct confidence envelopes to test 
hypotheses of non-random patterns of tree locations. I used 999 simulations (α=0.002) of 
a Poisson process for generating a confidence envelope of L-functions for random point 
patterns. Non-random point patterns of observed L-functions, based on L(r) - r at each 
distance, lying above or below the confidence envelope corresponded to aggregated or 
uniform point patterns, respectively. Confidence envelopes were computed locally for 
each value of r and should not be considered a global statistical test (Baddeley and 
Turner, 2005). To evaluate spatial dispersion of species groups, I considered a group to 
be aggregated if 5 of 20 L(r) values were above the upper limit of the confidence 
envelope, or, alternatively, uniform if 5 of 20 L(r) values were below the lower limit of 
the confidence envelope; otherwise, the species group was considered to be random 
(Aldrich et al., 2003). To assess the direction and degree of change relative to CSR over 
time, I calculated a summary value, L(r)S (Dixon, 2006):  




for 5 to 20 m distances. I evaluated the summary values between 5 and 20 m because 5 m 
was the weighted average crown radii of overstory trees from all stands based on dbh, as 
outlined in Ward et al. (1996) for the relict tract; below 5 m I would expect inhibition 
related to overstory crowns and competition for light (Ward et al., 1996). Values of L(r)S 
closer to 0 indicate the species group is closer to random between 5 and 20 m. For species 
groups that exhibit similar patterns for the 5 to 20 m distances, e.g. all L(r) > 0, in both 
time periods, L(r)S indicates the degree of change in the pattern. As an example, if a 
species group had L(r) > 0 for all distances and L(r)S values of 12.7 and 89.4 for time A 
and time B, respectively, the increased value indicates individuals were more aggregated 
over time. In contrast, if a species group had L(r)S values of 150.9 and 15.6 for time A 
and time B, respectively, the decreased value indicates individuals were less aggregated 
over time. All species groups exhibited common patterns of dispersion from 5 to 20 m 
radii with the exception of the white oak group of the relict stand in 2010, and the red oak 
group of the relict and single-harvest stands for the 2010 sample period, all of which had 
random dispersion patterns. 
I tested spatial patterns resulting from interactions among overstory and 
understory trees using a Ripley’s cross-K-function. The cross-type K-function, Kij(r), is 
calculated in a similar manner to equation 2.2 above, but it evaluates the mean number of 
trees of the understory (j) within the radius distance, r, of each overstory tree (i). That is 
tested against the expected number of points of understory trees, within a distance, r, of 
each overstory tree based on the intensity, λj. Similar to the univariate K–function I used 




Clark-Evans aggregation index (R) evaluates the observed mean nearest neighbor 
distance of the spatial arrangement of all sampled trees relative to the expected distance 




଴.ହ√ఒ           (2.5) 
where dp is the distance between a subject tree and its nearest neighbor. I used a 
Donnelly correction (Donnelly, 1978) to correct for edge effects and a Monte Carlo test 
based on 1,999 simulations. Values of R >1 suggests regular arrangement of trees, while 
values <1 indicate clustering of individuals.  
To evaluate structural changes in local neighborhood structure, I examined 
changes in average distance to the five nearest neighbors. I analyzed all trees, overstory 
trees, and understory trees for the 1926 and 2010 sample periods. For each group, I used 
resampling methods to evaluate the differences in the average of the five nearest neighbor 
distances between sample periods. To verify observed differences were not merely 
random chance, I randomized spatial locations with replacement for 2,000 samples for 
each data set, calculated average distance to the five nearest neighbors of each tree, and 
compared the resulting means using a paired t-test (α = 0.05). 
Lastly, I examined diameter differentiation index values and mingling index 
values of each individual tree’s neighborhood to detect changes in the local assemblages 
of trees (Pommerening, 2002). To ensure that most neighborhoods included at least five 
neighbors across all stands and sample periods, I used a neighborhood size of 13.7 m, 
which was based on the distance of the average of the five nearest neighbors, plus two 




highest average spacing between neighbors. The single tree diameter differentiation 
variable, Tkl, is calculated for each tree, k, and each of its neighbors, l. For two trees of 
the same dbh, Tkl = 0; Tkl increases as the size difference between trees increases. A 
diameter differentiation index for each tree’s neighborhood, DDIk, was then calculated as: 
ܦܦܫ௞ ൌ 	 ଵ௡ ∑ ௞ܶ௟௡௟ୀଵ  where ௞ܶ௟ ൌ 1	–	
௠௜௡ሺௗ௕௛ೖ,ௗ௕௛೗ሻ
௠௔௫ሺௗ௕௛ೖ,ௗ௕௛೗ሻ; ܦܦܫ௞	߳	ሾ0,1ሿ   (2.6) 
Species mingling within neighborhoods, MIk, was evaluated by comparing the 
species of reference tree, k, to each neighbor tree, l, and calculated as: 
ܯܫ௞ ൌ ଵ௡∑ ݒ௞௟௡௟ୀଵ  where 
ݒ௞௟ ൌ ൜1, ݎ݂݁݁ݎ݁݊ܿ݁	ݐݎ݁݁	݇	ܽ݊݀	݄ܾ݊݁݅݃݋ݎ	݈	ܽݎ݁	݋݂	݂݂݀݅݁ݎ݁݊ݐ	ݏ݌݁ܿ݅݁ݏ0, ݎ݂݁݁ݎ݁݊ܿ݁	ݐݎ݁݁	݇	ܽ݊݀	݄ܾ݊݁݅݃݋ݎ	݈	ܽݎ݁	݋݂	ݐ݄݁	ݏܽ݉݁	ݏ݌݁ܿ݅݁ݏ ൠ; ܯܫ	߳	ሾ0,1ሿ	 (2.7) 
I compared distributions of DDIk and MIk for all trees within stands between 
sample periods using bootstrap procedures to test differences in means using paired t-
tests and Wilcoxon signed rank tests, respectively. To verify observed differences were 
not merely random chance, I resampled stands 2,000 times within sample periods using a 
sample size of 500 and allowing replacement; the appropriate test was then used to 
compare the paired results, and reported p-values were based on the number of resample 
trials that exceeded the α = 0.05 level. Neighborhoods with DDIk and MIk >0.50 were 
considered structurally and compositionally diverse, respectively; I compared the 
percentage of neighborhoods with DDIk and MIk that exceeded 0.50 within each stand 









As expected due to its greater area, tree species richness, S, was highest in the 
relict stand during both 1926 and 2010 with 31 and 30 species, respectively (Table 2.1). 
However, both the single- and double-harvest stands exhibited large increases in species 
richness over time, from 23 to 28 and 15 to 22 species, respectively. All stands exhibited 
increased Shannon-Weaver diversity values, H, but the greatest increase was in the 
double-harvest stand, followed by the single-harvest, then relict stand. Despite larger 
increases in diversity in the harvested stands, large increases in evenness, J, were offset 
by increases in S in those stands. Species index profile, A, exhibited a slight decrease 
over time in the relict stand, a slight increase in the single-harvest stand, and a very large 
increase in the double-harvest stand. 
In 1926, stands were dominated by red oak, elm, ash, and white oak species 
groups (Table 2.2). In the relict stand in 1926, red oak and white oak group species 
combined had an importance value, IV, of 55.0, a relative density, RD, of 43.1%, and 
accounted for 66.8% of the relative basal area, RBA. Ash species, predominantly 
Fraxinus americana L., were also common at 21.9% RD and 16.9% RBA. Maples, 
largely A. saccharum, were a relatively minor component of the stand at that time with 
5.4% RD and 3.6% RBA. Conversely in 2010, maples made up almost half of all stems, 
45.5% RD, but only 17.3% RBA. Red oak and white oak group species declined to only 
about 10.2% RD, but still made up more than half of RBA, 54.5%. American elm, Ulmus 
americana L., and to a lesser degree red elm, U. rubra Muhl., changed very little in terms 




The single-harvest stand had a slightly different composition than the other two 
stands in 1926; it was dominated by the elm group with an IV of 38.8 and RBA of 43.4% 
(Table 2.2). Ash, maple, and red oak groups were all similarly abundant in terms of RD, 
RBA, and IV with all values ranging from 10.9 to 15.4. White oak group was a very 
minor component of the stand in 1926 with IV of 0.8. In 2010, maples, overwhelmingly 
A. saccharum, were most abundant, 29.5% RD, and accounted for 19.0% RBA, with 
hickories, largely Carya ovata (Mill.) K. Koch, as the next most abundant species group 
at 21.8% RD and 16.6% RBA. The white oak group, predominantly Q. macrocarpa, and 
Ohio buckeye, Aesculus glabra Willd., increased greatly in all measures of abundance, 
while elm group decreased the most through substantial decreases in BA. 
The double-harvest stand was dominated by red oak group, notably Quercus 
rubra L., in 1926 with 36.8% RD and 53.3% RBA. Elm species, predominantly U. 
americana, was the next most abundant group, 16.1% RD and 10.4% RBA, followed by 
the white oak group, mostly Quercus alba L., 9.7% RD and 13.3% RBA. By 2010, 
hickory species, largely C. ovata, and F. americana, accounted for 38.1% RD and 40.2% 
RBA. Basswood, Tilia americana L., increased greatly increased in both RD and RBA 
between sample periods. Combined, red oak and white oak groups made up only 10.2% 
RD, but 30% RBA in 2010. 
Of stems >25 cm dbh, a greater proportion were in the intolerant group within 
both the relict and double-harvest stands in 1926, and both stands had numerous large 
trees ≥70 cm dbh, 8.5 and 15.8 trees ha-1, respectively (Figure 2.1). In contrast, the 
single-harvest tract had proportionately more tolerant and smaller individuals, with only 




exponential diameter distributions; however, three patterns are evident across stands. 
First, the relict stand had a lower number of stems ≤ 40 cm dbh, but the number of ≤ 40 
cm dbh individuals increased with increased harvest disturbance in the other two stands. 
Second, the proportion of <60 cm dbh individuals in the intolerant group is highest in the 
double-harvest stand, then the single harvest stand, and lowest in the relict stand. Lastly, 
the relict stand has a much higher number of stems >70 cm dbh with 27.1 trees ha-1, 
while the single-harvest and double harvest stands only 10.5 and 8.5 trees ha-1, 
respectively. 
In 1926, the relict stand was uniformly distributed up to 4 m, and random beyond 
that distance (Figure 2.2). The single-harvest and double-harvest stands were random to 5 
and 9 m, respectively, and were aggregated beyond that distance. Overstory trees 
generally exhibited a similar pattern in the relict and single-harvest stands, although the 
double-harvest stand indicated a random distribution at all distances. Understory trees of 
the relict and double-harvest stands were highly clustered beyond 4 m; the single harvest 
stand was not significantly clustered until ≥ 13 m. In the relict and single-harvest stands, 
the spatial relation of understory trees to overstory trees characterized by the cross-K 
analysis indicated an independent association until approximately 13 m, beyond which 
understory trees were repulsed by overstory individuals; in the double-harvest stand, the 
association appeared independent at all distances.  
In 2010, the stand was regularly distributed to about 5 m within all stands (Figure 
2.2). Beyond that scale, the relict and single-harvest tract exhibited randomness until 17 
m, after which distance I observed a clustered pattern. In the double-harvest stand, the 




in the relict and single-harvest stands showed regular spacing at up to 9 and 6 m, 
respectively, but random beyond that distance; the double-harvest stand overstory trees 
exhibited random spacing across all distances. Similarly, understory trees in the relict and 
single-harvest stands showed regular spacing to 6 and 3 m, respectively, then a more 
clustered distribution beyond 11 and 9 m, respectively; the double-harvest stand 
understory trees exhibited random spacing across all distances, with the exception of 2 to 
5 m where spacing was regular. In the relict and single-harvest stands, the spatial relation 
of understory trees to overstory trees characterized by the cross-K analysis indicated 
repulsion beyond 9 m; the double-harvest stand indicated an independent association 
between overstory and understory trees across all distances examined. 
Both red and white oak groups, which comprised the dominant species in all three 
stands in 1926, had variable dispersion patterns (Table 2.3). In the relict stand, both oak 
groups were aggregated in 1926, but by 2010 became random; the red oak group in the 
single-harvest stand showed a similar pattern over time. In 1926, the white oak group of 
the single-harvest and double-harvest stands had very low density and was considered 
randomly distributed, as was the red oak group of the double-harvest stand. In the double-
harvest stand, the more prominent red oak group transitioned from a random pattern in 
1926 to an aggregated pattern in 2010. In the single-harvest stand, transitions over time 
were mixed, with the red oak group transitioning from an aggregated to a random pattern, 
and the white oak group transitioning from random to aggregated. Although the more 
shade tolerant species groups, maple and elms, were aggregated in both sample periods, 
the pattern became less aggregated with large decreases in the L(r)S values. The lone 




density of the elm group decreased to almost half of its 1926 total, and maple became the 
most prominent species in the stand in 2010. The most abundant and prolific shade-
intolerant species groups in both sample periods, ash and hickory, were either random or 
aggregated in 1926 in all stands; these groups were all aggregated in 2010, more so in the 
relict stand, L(r)S = 79.3 and 81.7 (for ash and hickory, respectively), compared to either 
the single-, L(r)S = 59.8 and 35.7, or the double-harvest stand, L(r)S = 29.6 and 18.4.  
Clark-Evans aggregation index indicated a different spatial arrangement of trees in each 
stand in 1926: uniform in the relict stand, clustered in the single-harvest stand, and 
random in the double-harvest stand (Table 2.4). All stands exhibited a uniform spatial 
arrangement in 2010.  Overstory trees of the relict and double-harvest stands were 
uniform in both sample periods, but the single-harvest stand overstory transitioned from a 
clustered distribution to a uniform distribution in 2010. Understory trees of all stands 
transitioned from clustered, or nearly clustered in the case of the double-harvest stand (p 
= 0.056), in 1926 to regular distributions in 2010. 
At a neighborhood level, as defined by the five nearest neighbors to the subject 
tree, I observed significant (p < 0.001) changes in average neighbor distance in all canopy 
strata examined between sample periods (Table 2.4). The largest average decrease of 
distance of all neighbors, 3.8 m, occurred in the double-harvest stand. Average distance 
of neighbors of overstory trees of the relict and single-harvest stands increased over time, 
but the double-harvest stand decreased from 1926 to 2010. In all stands, the average 
distances between neighboring understory trees greatly decreased over time, with 2010 
average neighborhood distances all ranging from 5.6 m to 6.1 m. Ignoring crown 




across all stands between 1926 and 2010. Standard deviation of average neighborhood 
distances of all trees and understory analyses indicated a reduced range in 2010, and 
standard deviation was very similar across all three stands.  
In all stands the mean number of trees per neighborhood increased substantially 
(Table 2.5). All stands exhibited a significant shift (p < 0.001) of the cumulative 
frequency curves towards higher DDI values (Figure 2.3). Mean values and the 
percentage of neighborhoods with DDI > 0.50 was significantly higher (p < 0.001) in all 
stands in 2010.  Mean MI decreased significantly in the relict (p < 0.001) and single-
harvest stands (p = 0.016), but the double-harvest stand exhibited a significant increase in 
value (p = 0.001). In the relict and single harvest stands, the MI distributions shifted to 
generally lower values, while the double-harvest stand exhibited a skewed distribution 
towards higher MI values (Figure 2.3). Percent of neighborhoods with MI > 0.50 showed 
significant decreases in the relict (p < 0.001) and single-harvest stands (p = 0.015), but 
the double-harvest stand exhibited a significant increase (p = 0.002) with 98% of 




As hypothesized, greater overstory disturbance was associated with the 
retrogression of stand development, and the partial harvest stands exhibited resilience as 
indicated by a comparable trajectory of stand-level structure of the relict stand, increased 
species diversity, and higher recruitment of mid-successional, mast-producing species. 




stands over an 84-year period were attributed to degree of overstory disturbance. The two 
managed stands exhibited reduced rates of succession, as a greater proportion of mid-
seral species will delay homogenization resulting from dominance of late-seral species 
relative to the relict stand. In the double-harvest stand, I observed greater species 
diversity across vertical strata and at the stand level. The lack of understory disturbance 
since 1926 has resulted in similar understory conditions among all stands, and, without 
further intervention, all stands will likely follow similar patterns of development.  
Changes in the understory structure largely drove changes in overall forest 
structure and composition in both the relict and managed stands. Prior to 1926 when 
stands had been fenced off from grazing, all three stands were grazed to unknown 
degrees (Prentice, 1926, 1927; unpublished notes). Grazing results in few small diameter 
stems in the understory, influenced spatial arrangements, and altered species 
compositions within stands. In 1926, differences in dispersion of all trees among stands 
are likely attributable to differences in drainage patterns, grazing patterns, and occasional 
tree removals. Den Uyl (1961) noted patterns of clumping in grazed Indiana woodlots, 
which may be attributable to areas periodically too wet for grazers. In 1926, the 
understory of all stands was largely composed of mesic species, such as A. saccharum, U. 
americana, and F. americana, but they were likely restricted to areas too wet for grazing. 
Grazing probably acted as a filter with regards to understory species composition, as 
certain species may have experienced less browsing. For example, in a study of grazed 
woodlands of northern Indiana, Day and Den Uyl (1932) observed that Carya species 
were among the least grazed species. When grazing ceased, shade-tolerant trees were 




strong influence on stand level composition and structure, as evidenced by the large 
increases in terms of IV seen in this study. 
Over the course of the last century and across many regions, changes to 
disturbance regimes have resulted in numerous examples of sites greatly increasing in 
shade-tolerant species densities (Chapman et al., 2006; Sánchez Meador et al., 2009; 
Hanberry et al., 2012). I observed a change in diameter distribution to a negative 
exponential form through the accumulation of shade-tolerant species in the understory. 
Similar diameter distributions have been observed in many other ecosystems that have 
experienced declines in understory disturbance rates (e.g. fire, grazing) in both long-term 
and comparative studies (Runkle, 1982; Abe et al., 1995; Busing, 1998; Chapman et al., 
2006; Lin and Augspurger, 2008; Allen et al., 2012; Hanberry et al., 2012). Between 
1926 and 2010, all three stands exhibited decreased aggregation, most notably within 
about 6 m of each tree where patterns became more uniform. This is consistent with 
previous studies within the relict stand (Leopold et al., 1985; Ward et al., 1996), and 
similar patterns have been observed in both unmanaged (Christensen, 1977; Harrod et al., 
1999) and managed stands (Sánchez Meador et al., 2009) elsewhere over time. According 
to crown diameter predictions of Ward et al. (1996) in the relict forest, trees between 10 
and 20 cm dbh, typically understory trees, would have crown diameters of 4.9 and 6.2 m, 
respectively; thus, the uniform spacing below 6 m common to all stands in 2010 likely 
relates to average understory tree spacing and reflective of the minimum diameter 
sampled. Clark and Evans’ indices indicated transitions to more uniform patterns and 
Ripley’s K analyses exhibited much lower levels of aggregation in understory trees of all 




of all understory trees decreased within all stands. I observed a significant two-fold 
decrease in average distance in all stands that I attributed to the lack of understory 
disturbance as has been observed in other studies (Chapman et al., 2006; Sánchez Meador 
et al., 2009). When all strata are considered, the observed differences in average distance 
of neighbors over time are likely related to the fact that the number of overstory trees 
largely dictated the 1926 sample, because they were more abundant than understory trees; 
similarly, in 2010, understory trees were far more abundant and account for the decrease 
in average distance. Overstory and understory stems were independently dispersed across 
most distances, indicating no strong relationship between canopy strata in any of the three 
stands.  
Despite the similar patterns of understory development of all three stands, current 
overstory composition and structure exhibit patterns related to the removals and degree of 
disturbance within the stands. Although the relict forest maintained species richness and 
slightly increased in diversity and evenness, the two partially harvest stands exhibited 
larger increases in species richness and diversity. Despite the increase in understory 
shade-tolerant species in all stands, I observed differences in species distribution among 
vertical strata among stands. The vertical species profile index (A) of the relict stand 
slightly declined, yet A increased in the two partially harvested stands, particularly in the 
double-harvest stand. Both natural and anthropogenic modes of partial overstory 
disturbance can allow successful recruitment of shade-intolerant species (Angers et al., 
2005; Saunders and Wagner, 2008), but success is likely related to the nature of the 
overstory disturbance type (gradual vs. instantaneous, blowdown vs. standing dead) and 




have observed that the composition within canopy gaps is strongly related to the 
composition of undisturbed areas within stands, thus, highlighting the role of advanced 
regeneration in forest stand dynamics (Busing and White, 1997; Abe et al., 1995; Nagel 
et al., 2010; Bottero et al., 2011).  
It is well documented that modern disturbance regimes of temperate deciduous 
forests, characterized by low-severity disturbances that remove only portions of the 
overstory, perpetuate increased dominance of shade-tolerant species and drive 
homogenization of species composition (Barden, 1981; Runkle, 1982; Abe et al., 1995). 
While all stands had very large increases in density and basal area of shade-tolerant 
species, the two partially harvested stands were at least able to maintain mid-tolerant and 
shade-intolerant species in smaller diameter classes. Preferential grazing may have 
allowed many Carya and A. glabra stems an opportunity to survive and grow to a better 
canopy position, in advance of the accumulating advanced regeneration of Acer and 
shade-tolerant species. Carya and A. glabra would then be able to quickly ascend to the 
overstory when canopy gaps later formed, helping to explain the proliferation of Carya 
spp. within the stands that were partially harvested. Based on the preponderance of large 
Ulmus trees in 1926, and the lack of them in 2010, it seems likely that the spread of 
Dutch elm disease also had a significant impact on the structure and dynamics of these 
forests (Parker and Leopold, 1983). Lin and Augspurger (2008) proposed that the 
dominance of small-scale disturbances and Dutch elm disease mortality contributed to 
increased recruitment of A. saccharum over a 50-year period. Some studies have 
documented that larger natural canopy gaps can support species less tolerant of shade 




shade-tolerant species (Barden, 1981; Runkle, 1982; Abe et al., 1995). Even studies that 
examined stand compositions after partial harvesting observed increased importance of 
shade-tolerant species (Abrams and Downs, 1990; Ozier et al., 2006). Studies designed to 
achieve ecosystem management objectives, such as increase diversity, through partial 
harvests have varied in success. Bolton and D’Amato (2011) reported no significant 
increases in tree species diversity and no capacity to recruit species mildly tolerant of 
shade within 46 harvest gaps of northern hardwood forests. In contrast, Gendreau-
Berthiaume et al. (2012) and Arseneault et al. (2011) observed higher densities of shade-
intolerant species in partial harvests compared to naturally disturbed, boreal and Acadian 
mixedwood stands, respectively.  
The increased gap creation through harvesting likely accounts for observed 
differences in spatial distribution of Carya and Fraxinus species groups. They were more 
abundant and, based on L(r)S values, less aggregated in the partial harvest stands. The 
timing and preponderance of gaps in partial harvest stands provided these moderately 
shade-tolerant groups, notably Carya species, an opportunity to survive and proliferate 
into more favorable competitive positions. Species mingling at the neighborhood level 
decreased in the relict and single-harvest stands but increased in the double-harvest stand 
over time. The relict stand saw a steep drop in the percentage of diverse neighborhoods 
with MI > 0.50, and the double-harvest tract was the only stand to increase with almost 
all neighborhoods, 98%, tending towards more diverse mixtures. Harvest disturbances 
allowed for more mid-seral species, notably Carya species, to compose a larger portion 
of the overstory relative to the relict tract. I considered this compositional shift a resilient 




development; these younger, more vigorous mid-seral species will persist in the canopy 
longer, and, thus, delay the transition to late-seral species that Oliver and Larson (1996) 
characterize as part of the transition to old-growth forest. In addition, the Carya species 
are particularly important for the mast that they produce for wildlife, thus, preserving the 
ecological function provided by the many overstory Quercus species that were harvested 
from these stands. 
Gap formation acts to open up growing space, often allowing for many smaller 
stems to compete on a local level, thus, creating a retrogression of a portion of the stand 
to an earlier stage of development, and reducing structural and compositional 
homogenization. The double-harvest stand created more overstory gaps than natural 
disturbances did within the relict stand; within those gaps, trees compete for growing 
space in the canopy through self-thinning. The same process is ongoing in the relict 
stand, but the rate of overstory disturbance through natural causes is much more random 
over time than through harvesting. Differences in overstory structure at stand and 
neighborhood levels are evident in the three stands. Overstory trees of the relict and 
single-harvest stands generally became less aggregated over time, and the overstory trees 
were more uniform than the understory trees, as has been observed in many other studies 
(Christensen, 1977; Turner and Franz, 1985; Ward et al., 1996; Druckenbrod et al., 
2005). The overstory and understory trees of the double-harvest stand remained randomly 
distributed from 1926 to 2010, with the exception of uniform spacing of understory trees 
at scales ≤ 5 m. Because it was random in both sample periods, it is somewhat difficult to 
comment on the effects of the harvests on the overstory, however, the decrease in average 




In the relict and single-harvest stands, the average neighbor distances showed 
significant increases through mortality and/or removal of overstory trees. In the double-
harvest stand, the decrease in neighbor distance and significant increase in number of 
neighbors indicate that the canopy was more crowded in 2010, likely related to 
successional retrogression and subsequent stand development 46 years after the last 
harvest. Although neighborhoods of the five nearest trees were reduced in size and there 
was less variability in neighborhood size, I observed an overall increase in variability of 
neighborhoods based on the DDI. This is likely reflective of the structure that dominated 
each sample period; lots of larger overstory trees dominated in 1926, but there were many 
smaller stems intermixed amongst them in 2010, thus, the larger differences in terms of 
DDI. Size differentiation and the increase in mean DDI values within local 
neighborhoods were largely driven by the influx of shade-tolerant species in the 
understory over time. The percentage of neighborhoods with DDI > 0.50 increased over 
time in all stands; however, the smaller increase and lower DDI value in the double-
harvest stand indicates that a greater number of neighborhoods are more similar in stem 
size. In a Pinus ponderosa C. Lawson stand in AZ, USA, Sánchez Meador et al. (2009) 
observed homogenization of harvest openings and significant positive autocorrelation of 
tree size even 108 years after harvest. The lower percentage of neighborhoods with DDI 
> 0.50 within the double-harvest stand compared to the relict stand is in part a reflection 
of stand structure with the relict stand having more numerous dispersed larger trees, but 
also likely related to continued self-thinning within harvested gaps in the double-harvest 
stand. The contrasting structures of undisturbed and disturbed canopy within the double-




stand. In contrast, patterns of structural changes within the single-harvest stand are more 
consistent with changes in the relict stand. This would imply a capacity to recover 
structurally over a long time frame, contrary to Zenner et al. (2013) who reported little 
short-term (i.e. 15 year) recovery in structure when only large, overstory trees were 
removed in partially-harvested, mixed-Quercus stands in PA, USA. 
Both natural disturbances and partial harvests can result in the retrogression of 
structure, and potentially composition, at smaller, local scales where the degree of 
retrogression is proportional to the area disturbed within the stand. I observed a greater 
proportion of mid-seral, mast-producing species in partial harvest stands, which may 
contribute to functional resilience in these stands, where absence of catastrophic 
disturbance or anthropogenic interventions structure will eventually converge with that of 
the relict stand. However, any changes in structural, biological, or response diversity at 
the stand level must be considered in the context of larger temporal and spatial scales. 
Throughout the 20th century, fire suppression and other components of altered and less-
intensive disturbance regimes have driven a non-random sequence of change culminating 
in forests that are increasingly homogenous due to increased dominance of late-seral 
species (Abrams and Downs, 1990; Jenkins and Parker, 1998). The continued decline of 
certain keystone species (e.g. Quercus spp.) and corresponding alterations to forest 
structures across landscapes through time alters trophic interactions and other ecosystem 
processes. Systems where entire functional groups become ecologically insignificant or 
extirpated will likely also exhibit diminished response diversity (Walker 1995).  
While this study examined contributions to ecological resilience at the stand level, 




change in perspective (Elmqvist et al., 2003). At the landscape level, the juxtaposition 
and relative abundance of patch types play a critical role in ecological processes that both 
enhance and degrade resilience, such as dispersal, nutrient movement, and outbreaks of 
insects and disease. Consequently, elements of stand-level structure and composition 







Table 2.1. Total number of trees ≥ 10 cm sampled (n), species richness (S), Shannon-
Weaver’s index of diversity (H), maximum diversity (Hmax), species evenness (J), and 
vertical species diversity (A) of relict, single-harvest, and double-harvest stands for 1926 
and 2010 sample periods.  
  Relict  Single-harvest  Double-harvest 
Value 1926 2010  1926 2010  1926 2010 
n 1,468 2,738  463 1,116  151 663 
S 31 30  23 28  15 22 
H 2.29 2.48  2.33 2.68  1.72 2.22 
Hmax 3.43 3.40  3.14 3.33  2.71 3.09 
J 0.67 0.73  0.74 0.80  0.63 0.72 






Table 2.2. Density, relative density (RD), basal area (BA), relative basal area (RBA), and 
importance value (IV) by species groups in relict, single-harvest, and double-harvest 
stands for 1926 and 2010 sample periods. 
 1926  2010 
Species groups Density RD BA RBA IV  Density RD BA  RBA IV 
 (Trees ha-1) (%) (m2 ha-1) (%)   (Trees ha-1) (%) (m2 ha-1) (%)  
 ----------------------------------- Relict ----------------------------------- 
Maple 9.0 5.4 0.9 3.6 4.5  141.5 45.5 5.4 17.3 31.4 
White Oak 32.7 19.6 7.7 32.5 26.1  18.8 6.0 9.6 30.7 18.4 
Red Oak 39.3 23.5 8.1 34.3 28.9  13.1 4.2 7.5 23.8 14.0 
Elm 23.0 13.8 1.2 5.0 9.4  40.7 13.1 1.2 4.0 8.6 
Ash 36.6 21.9 4.0 16.9 19.4  14.5 4.7 2.9 9.3 7.0 
Hickory 9.4 5.6 0.8 3.2 4.4  28.2 9.1 1.3 4.1 6.6 
Black walnut 8.8 5.3 0.6 2.7 4.0  6.0 1.9 1.4 4.3 3.1 
Ohio buckeye 1.1 0.7 0.1 0.3 0.5  15.0 4.8 0.3 1.0 2.9 
Beech 0.8 0.5 0.1 0.4 0.4  8.8 2.8 0.8 2.4 2.6 
Other 6.1 3.7 0.3 1.1 2.4  24.7 7.9 0.9 3.1 5.4 
Totals 166.8 100 23.6 100 100  311.3 100 31.4 100 100 
 ----------------------------------- Single-harvest ----------------------------------- 
Maple 16.3 10.9 2.1 12.5 11.7  115.0 29.5 5.4 19.0 24.2 
Hickory 4.2 2.8 0.2 1.2 2.0  85.0 21.8 4.7 16.6 19.2 
White Oak 1.6 1.1 0.1 0.5 0.8  28.0 7.2 4.0 14.3 10.8 
Ohio buckeye 4.5 3.0 0.4 2.7 2.8  56.6 14.5 1.6 5.8 10.2 
Red Oak 16.3 10.9 2.5 14.9 12.9  11.2 2.9 3.9 13.9 8.4 
Black walnut 11.2 7.5 0.7 3.9 5.7  16.8 4.3 3.6 12.6 8.4 
Ash 23.1 15.4 1.9 11.3 13.4  19.9 5.1 3.1 11.0 8.1 
Elm 51.3 34.2 7.2 43.4 38.8  24.5 6.3 0.5 1.8 4.0 
Beech 11.5 7.7 1.0 6.2 7.0  1.7 0.4 0.3 1.1 0.8 
Other 10.2 6.5 0.6 3.4 4.9  31.4 8.0 1.1 3.9 5.9 
Totals 150.2 100 16.5 100 100  390.1 100 28.2 100 100 
 ----------------------------------- Double-harvest ----------------------------------- 
Hickory 17.5 13.6 1.4 5.3 9.4  94.7 21.4 5.5 19.3 20.4 
Ash 11.7 9.1 1.7 6.6 7.8  74.0 16.7 5.8 20.4 18.5 
Basswood 3.3 2.6 0.5 2.0 2.3  61.3 13.9 3.9 13.5 13.7 
Red Oak 47.5 36.8 13.7 53.3 45.0  29.3 6.6 5.7 19.9 13.2 
Elm 20.8 16.1 2.7 10.4 13.2  86.0 19.5 1.7 6.0 12.8 
White Oak 12.5 9.7 3.4 13.3 11.5  16.0 3.6 2.9 10.1 6.8 
Maple 0.8 0.6 0.1 0.4 0.5  24.7 5.6 1.1 3.8 4.7 
Miscellaneous 0.0 0.0 0.0 0.0 0.0  24.0 5.4 0.7 2.5 4.0 
Beech 9.2 7.1 1.4 5.6 6.3  3.3 0.7 0.2 0.9 0.8 
Other 5.8 4.4 0.8 3.1 4.0  28.7 6.6 1.1 3.6 5.1 





Table 2.3. Spatial dispersion of a subset of species groups of all stands for 1926 and 
2010. Pattern (A=aggregated; R=random; na indicates ≤ 16 trees),based on ≥ 25% of 
significant L(r) values from 1 to 20 m radii according to Ripley’s K estimates, range of 
pattern, and a summary value, L(r)S, defined by sum of |L(r)-r| for distances of 5 to 20 m 
intervals, are provided for each group. 
Species group Pattern Range of pattern L(r)S 1926 2010 1926 2010 1926 2010 
 -------------------- Relict -------------------- 
Red oak A R 7-20  23.3 24.8 
White oak A R 8,10,17-20  13.9 8.0 
Maple A A 4-20 7-20 170.9 17.6 
Elm A A 2-20 5-20 119.0 51.7 
Hickory R A  5-20 21.9 81.7 
Ash A A 5-20 7,9-20 50.3 79.3 
 -------------------- Single-harvest -------------------- 
Red oak A R 5-20  123.7 26.7 
White oak na A na 9-20 na 63.3 
Maple A A 3-20 4-20 99.8 48.8 
Elm A A 3-20 3-20 64.0 104.7 
Hickory na A na 5-20 na 35.7 
Ash A A 8-20 5-10,12,17-20 50.8 59.8 
 -------------------- Double-harvest -------------------- 
Red oak R A  4-20 17.7 79.4 
White oak na R na  na 58.0 
Maple na A na 4-20 na 168.4 
Elm A A 5,9-12,14-20 7-20 132.7 24.4 
Hickory R A  5-6,8-9,13-20 74.5 18.4 





Table 2.4. Clark and Evans’ aggregation index (R) and associated p-values based on 
1,999 Monte Carlo simulations for all trees, overstory, and understory of all stands for 
1926 and 2010. Also presented is the average distance of the five nearest neighbors, 
standard deviation (S.D.), and p-values to test for differences over time based on 2,000 
randomized resamples with replacement for each subset of data. 
Population  Year R p-value Five nearest neighbors Mean ±  S.D. (m) p-value 
-------------------- Relict ------------------- 
All trees 1926 1.056 < 0.001 7.2 ± 1.9 < 0.001 2010 1.099 < 0.001 5.4 ± 1.2 
Overstory 1926 1.068 < 0.001 8.2 ± 2.2 < 0.001 2010 1.119 < 0.001 11.6 ± 3.1 
Understory 1926 0.935 0.022 15.2 ± 6.7 < 0.001 2010 1.095 < 0.001 6.1 ± 1.5 
-------------------- Single-harvest ------------------- 
All trees 1926 0.904 < 0.001 7.0 ± 2.3 < 0.001 2010 1.079 < 0.001 4.9 ± 1.2 
Overstory 1926 0.890 < 0.001 8.0 ± 2.9 < 0.001 2010 1.105 0.002 9.4 ± 2.4 
Understory 1926 0.898 0.035 16.3 ± 6.1 < 0.001 2010 1.067 < 0.001 5.6 ± 1.5 
-------------------- Double-harvest ------------------- 
All trees 1926 1.053 0.122 8.4 ± 2.7 < 0.001 2010 1.057 0.004 4.6 ± 1.1 
Overstory 1926 1.121 0.014 10.2 ± 3.1 < 0.001 2010 1.088 0.011 7.9 ± 2.1 






Table 2.5. Average number of neighbors in each neighborhood, based on radius of 13.7 
m, standard deviation (S.D.), and p-values to test for differences over time based on 
2,000 randomized resamples for each stand and sample period. Diameter differentiation 
(DDI) and mingling indices (MI), based on the same neighborhood sizes, were also 
presented for each stand and sample period; test for differences between sample periods 
in average (± S.D.) and percentage of neighborhoods with index values > 0.50 (% > 0.50) 
were based on p-values based on 2,000 randomized resamples (n=500) with replacement 
for each subset of data. 
No. neighbors  Mean ± S.D. p-value % > 0.50 p-value 
Relict 1926 9.5 ± 3.3    
 2010 17.5 ± 4.8 < 0.001   
Single-harvest 1926 9.7 ± 4.3    
 2010 21.5 ± 4.6 < 0.001   
Double-harvest 1926 8.3 ± 4.9    
 2010 27.8 ± 5.8 < 0.001   
Diameter differentiation index (DDI)   
Relict 1926 0.34 ± 0.12  0.11  
 2010 0.42 ± 0.13 < 0.001 0.20 < 0.001 
Single-harvest 1926 0.34 ± 0.10  0.07  
 2010 0.39 ± 0.11 < 0.001 0.14 < 0.001 
Double-harvest 1926 0.33 ± 0.12  0.09  
 2010 0.39 ± 0.10 < 0.001 0.11 < 0.001 
Mingling index (MI)   
Relict 1926 0.78 ± 0.20  0.92  
 2010 0.69 ± 0.28 < 0.001 0.71 < 0.001 
Single-harvest 1926 0.82 ± 0.18  0.96  
 2010 0.77 ± 0.22 0.016 0.88 0.015 
Double-harvest 1926 0.75 ± 0.24  0.85  






Figure 2.1. Diameter distributions in 5 cm classes partitioned by tolerant and intolerant 







Figure 2.2. Spatial distribution for 1926 and 2010 sample periods in relict, single-harvest, 
and double-harvest stands. L-functions of all trees, overstory, and understory, and a 







Figure 2.3. Diameter differentiation and mingling indices for 1926 and 2010 sample 






CHAPTER 3  COMPARING DISTURBANCE PATTERNS OF A RELICT AND A 




The disturbance regimes of eastern hardwood forests are largely dominated by 
small-scale canopy gaps. The stochastic spatial and temporal nature of these gaps is 
critical to understanding stand structure, species composition, and resultant community 
assemblages of forests. Long-term studies to better understand the lasting impacts of 
management on the relationships between disturbance and structure are essential to 
maintain forest resilience and function, and this knowledge may be critical to help 
maintain biodiversity and functional diversity in managed forests (Elmqvist et al., 2003). 
Understanding relationships between historical disturbance regimes and forest 
composition and structure may provide a template for management. 
Disturbance regimes are typically characterized by the frequency (per unit time or 
unit area), intensity, and spatial distribution of disturbances within a system (Pickett and 
White, 1985). Given the stochastic nature of gaps, the biotic and abiotic conditions within 
gaps influence competitive processes within the newly created growing space. Gaps of 




(Denslow, 1980; Runkle, 1981), and the frequency and timing of overstory disturbance 
can also influence forest composition (Lorimer, 1989; Fajvan and Wood, 1996). The 
patch-mosaic structure of these forests is related to the distribution of gap-sizes and 
timing of gap creation, and the process of gap formation can have long-term effects on 
the variability of forest composition and structure (Chruchill et al. 2013; Lydersen et al. 
2013). The occurrence of large-scale disturbances, relative to the area of study, is not 
independent of small-scale disturbances and the resulting disturbance regime for that area 
(Lorimer, 1989; Churchill et al. 2013). Understanding the long-term impacts of 
disturbances and management decisions on forest structure, composition, and disturbance 
rates is critical to planning for resilience and structural variability over time. 
I used dendroecology to explore the disturbance regime of Central Hardwood 
forests characteristic of patch-mosaic patterns. Ring series and spatial information 
combined provide fine-scale temporal and spatial information disturbance dynamics. 
Patterns of annual tree growth can indicate release events related to disturbances, and, 
combined with spatial information, may also provide insight into gap-size distributions 
and gap frequency at the stand level. In this study, I reconstruct historical disturbances 
using dendrochronological data from two oak-hickory (Quercus – Carya) stands in 
central Indiana, U.S.A. One stand was an unmanaged relict forest, and the second stand 
had a selection harvest in 1951. Dutch elm disease also impacted both stands, although 
the managed stand had a much higher percentage of elm (Ulmus spp.) species.  The 
objective of this study was to examine the relationships between disturbance histories, 




paths. I hypothesized that: 1) the impact of widespread canopy removal over a short time 
frame (< 10 years) will reduce disturbance frequencies over the long-term; 2) the 
resultant change of forest structure related to the disturbance will result in less variability 
and smaller gap sizes; and 3) disturbance frequency and severity would differ between 





 3.2.1 Study Sites 
 
Study sites were located in east-central Indiana, U.S.A. (40°15’26”, 85°09’16”). 
The forests I sampled were fragments within an agricultural landscape, and have been 
characterized as mature lowland depressional forests (Lindsey and Schmelz 1970). 
Increment cores date some of the oldest trees (300 years) to the pre-European settlement 
period (The Lamont-Doherty Geological Observatory of Columbia University, Pallisades, 
NY, unpublished data). For this study, I focused only on the relict and single-harvest 
stands, both described in Chapter 2. In 1926, large canopy trees dominated both stands 
and there was very little understory; Prentice (1926, 1927; unpublished notes) attributed 
this to extensive grazing within the forest. Shortly after the initial sample period, both 
stands were fenced to eliminate grazing, and the understory was increasingly populated 




group species in the overstory, but the managed stand had high importance of elm in the 
overstory (IV =38.8), with ash (Fraxinus spp.), red oak group species, and maples (Acer 
spp.) as the other dominant canopy trees. Current canopy species of both stands includes 
mixed-oak and hickory species with shade-tolerant maple and elm species prominent in 
the understory. Besides the harvest removals described in Chapter 2, the introduction of 
Dutch elm disease into the region around the middle of the 20th century also strongly 
influenced both stands and was an important driver in stand structure and composition. 
  
3.2.2. Data Collection 
 
 In the relict stand, I inventoried and mapped all trees ≥ 10 cm within the interior 8 
ha of a larger 21 ha stand. In the single-harvest stand, I sampled the entire 5 ha southern 
portion of the stand; see Chapter 2 for more detailed sampling methodology. To map 
disturbances, I selected a 2.25 ha area within the mapped areas to intensively sample trees 
based on a 10 m grid. At every 10 m distance, I selected the closest stem ≥ 10 cm for 
sampling regardless of canopy position, dbh, or species (Figure 3.1). The average canopy 
tree crown diameter was approximately 10 m, thus the sampling intensity was designed to 
reflect potential loss of the average overstory tree. Cores were extracted at a height of 
1.37 m on all trees because many large trees had root flares at the base of the stem. For 
many of the larger, older trees I collected only a single core because of the difficulty in 
collecting the cores, and a desire to limit any potential damage to these invaluable long-





3.2.3. Data Analyses 
 
 Increment cores were air-dried, glued to mounts with cells vertically aligned, and 
surfaced using progressively finer sandpaper, ranging from ANSI 100-grit (mean 122 
m) to ANSI 1,000-grit (mean 7 m), as needed (Orvis and Grissino-Mayer, 2002). 
Cores were crossdated using marker years (e.g. narrow rings related to drought) and 
measured to the nearest 0.001 mm using a Velmex unislide tree-ring measurement system 
(Velmex Inc., Bloomfield, NY). Visual crossdating of cores was verified using 
COFECHA 6.06P (Grissino-Mayer 2001) to ensure accurate dating within each species 
(see Appendix C for a summary of series correlation values by species). Each core was 
then examined for release events using the radial growth averaging method of Nowacki 
and Abrams (1997) to evaluate the disturbance history of each stand. Release events of 
individual trees related to canopy disturbances were identified by quantifying average 
decadal increases in tree-ring widths: 
%ܩܥ௜ ൌ 	 ቂሺெమିெభሻெభ ቃ 	ൈ 	100        (3.1) 
where %GC is the percent growth change for year i, M1 is the preceding 10-year mean 
radial growth including the year of disturbance, and M2 is the subsequent 10-year mean 
radial growth. To identify release of understory trees as well as growth increases of 
canopy trees related to disturbances, I used %GC threshold criteria of Lorimer and 
Frelich (1989) and Nowacki and Abrams (1997). I characterized three different types of 
release: minor, moderate, and major. Minor and moderate release events were defined as 




increased side light from a nearby canopy disturbance. However, considering the 
differential capacity of smaller versus larger trees to respond to increased light, I did not 
assign minor release events to understory trees, i.e. trees ≤ 25 cm dbh; they were only 
considered released if they experienced moderate or major releases. Major releases were 
defined by %GC ≥ 100 and were considered indicative of larger open canopy spaces 
associated with canopy treefalls. To estimate diameter of sample trees during different 
time periods, diameters from the 2010 inventory were first adjusted for bark thickness 
estimates (Hengst and Dawson, 1994). I then calculated decadal averages of tree 
diameters in two different manners. For trees that were cored, I used the ring-widths to 
back-calculate annual diameters, then averaged those values by decade. For trees that 
were not cored, I used mean ring-width values for each species to evaluate annual 
diameter. This procedure allowed me to assign minor releases to canopy trees only, and 
to better determine the location of canopy trees to define gap edges.  
 To examine historic patterns of disturbance over time, I used all cores collected 
from the two stands, i.e. some outside of the subset area were also used (Table 3.1). To 
evaluate the fine scale spatial and temporal nature of disturbances, I attempted to map 
gap location and sizes over an 80-year period. To characterize gap areas over time, I used 
the location of known releases, as described above. Defining gaps was done by visual 
inspection rather than more automated alternative approaches (kriging procedures, cluster 
algorithms, and distance weighting methods), as those approaches generally did not 
utilize the full spectrum of information contained in the combination of spatial locations 
and tree rings, and automation failed to characterize the fine scale nature of disturbances 




but was able to better incorporate prior knowledge of stand dynamics of these forest 
systems into the results.  
Canopy gaps were defined by several different methods depending on the 
information available at each point in time and space. Evaluating gap occurrence and 
extent is more accurate during periods when data are abundant and well distributed in 
space, but with earlier time periods, there is inevitably a loss of information through tree 
death. I attempted to define gaps based on the empirical data and knowledge of hardwood 
forest dynamics. Four general approaches were used to define canopy gaps:  
A. For single or multiple adjacent sample points exhibiting a release 
and surrounded by a well-defined border, i.e. either unsampled 
overstory trees or sampled trees not exhibiting a release, a polygon 
connecting the border trees defined the gap (Figure 3.2A); this is 
assumed to be akin to the expanded gap as defined by Runkle 
(1982).  
B. In an area where two adjacent trees, either two understory trees or 
an understory and an overstory tree, exhibited releases, but no 
well-defined border existed, I assumed these two trees were on the 
edge of a circular gap. The gap area was defined by the diameter of 
the gap estimated by the antipodal points, i.e. the two trees, and I 





C. If the two adjacent trees were both overstory trees, however, gap 
area was calculated in a different manner. Overstory trees do not 
respond as readily to increased growing space, so for both trees to 
exhibit a release, I assumed that the gap-forming tree was at least 
equal to the larger of the two trees at the time of release. I assumed 
that the two release trees and the gap-forming tree were arranged 
in a triangular pattern (Figure 3.2C), with the two release trees 
comprising the base of the triangle, while the gap-forming dead 
tree was considered the top vertex of an isosceles triangle. Using 
Pythagorean’s theorem, using half of the known distance between 
the two release trees and twice the radius of the crown of the larger 
release tree (x in Figure 3.2C), I could determine the height (h in 
Figure 3.2C) of the assumed triangular assemblage of trees. The 
radius of the crown of the dead gap-forming tree, assumed to be 
equal in size to the largest released tree, was added to the original 
height, h, provided an estimate of the diameter (h + x = h′ in Figure 
3.2C) of a circular gap area.  
D. Lastly, released trees that were isolated with no sample neighbors 
that also displayed a release at time t, gap area was based on 
canopy position. For overstory trees (Figure 3.2D), disturbed gap 
area was based on a circular gap with diameter equal to the 
distance of the nearest sample neighbor at time t; neighbor distance 




as any release of an overstory tree is assumed to be of a similar 
size or larger. If the released tree is an understory tree (Figure 
3.2D), circular gap area is based on the distance of the mean of the 
two or three nearest neighbors for moderate and major releases, 
respectively. 
 Evaluating gap area over time presents some potential sources of error that should 
be considered. A lack of response in newly released trees has been observed in this study 
(Chapter 4) and among others (Shimatani and Kubota, 2011). This may be related to the 
physical condition of the tree at the time of disturbance (e.g. partial canopy destroyed, 
physiological stress). A lack of response would, therefore, bias the disturbance frequency 
estimate and/or gap area estimates so that estimates would be lower. The delayed 
response of trees has also been observed in several studies (Lorimer and Frelich, 1989; 
Shimatani and Kubota, 2011). Delays could bias gap frequency and size estimates 
because responses would be counted as a separate event that may overlap with the actual 
event. To address this issue, I used a three-year window (gap event year  1 year) when 
considering local release events. Gap area is potentially influenced by the assumption of a 
circular shape for non-polygon methods of gap estimates; in fact, circular shapes are very 
uncommon and elliptical shapes are typical (Weiskittel and Hix, 2003; Richards and Hart, 
2011). Expanding gaps also resulted in higher overall gap area estimates; presumably a 
portion of the older gap is overlaps with the gap area estimate of the most recent gap. 
Lastly, there is inevitably a loss of information the further back in time the study extends; 




especially problematic when intense, stand-wide disturbances occur. Many of these issues 
are difficult to address when trying to recreate gaps in the past, but we must be aware of 
their influence on the findings. 
 To test the hypothesis that disturbance patterns differed between the relict and 
managed stands for 1920 – 1999 and after the harvest and disease event, 1953 – 1999, I 
tested the distribution of gap sizes between stands using Fisher’s exact test for all gaps. In 
addition, mean gap size of each stand for the same time periods was compared using 
bootstrap procedures to test differences in means using t-tests. To verify observed 
differences were not merely random chance, I resampled stands 2,000 times within 
sample periods using a sample size of 50 and allowing replacement; the t-test was then 
applied, and reported p-values were based on the number of resample trials that exceeded 
the α = 0.05 level. No comparisons were made between the pre- and post-harvest and 
disease periods because of the differences in sample size prior to 1940. All analyses were 




The relict and managed stands both exhibited less frequent disturbance in the 
decades prior to 1940 (Figure 3.3). Presumably around the period of 1890, there was an 
area-wide disturbance because 24.8% and 53.8% of the cored trees in the relict and 
managed stands, respectively, exhibited release; most were classified as moderate and 




1926, but there is no corresponding pattern of release in the managed stand at that time, 
thus, implying the disturbance was specific to the relict stand. Between 1941 and 1950, 
the managed stand experienced an intense stand-wide disturbance; 50.4% of all cores 
exhibited a release during that period, with 38.4% of releases classified as a major 
release. There does appear to be an increase in the incidence of disturbance in the relict 
stand between 1947 and 1955, but not to the same extent as the managed stand. The 
selection harvest in the managed stand in 1952 is also evident, and it appears there is a 
corresponding peak that same year in the relict stand. Through the 1970 decade, the relict 
and managed stands exhibited increased rates of disturbance with release rates of 24.4% 
and 18.7%, respectively. In the relict stand in the 1980 decade, 31.9% of stems exhibited 
release with more than a third of them being classified as major releases. 
In the subset area, the relict stand had 80% more gaps over the entire 80-year 
period (1920 – 1999), 265 compared to only 148 in the managed stand (Table 3.2). I 
observed higher rates of gap formation within each decade in the relict stand, with the 
exception of the 1940-decade; between 1943 and 1952, 31.8% of the canopy of the 
managed stand was removed through disease and harvest. In both stands, 73% of all gaps 
between 1920 and 1999 were classified as independent (Table 3.2), meaning they 
occurred isolated in time and space. There was no difference in the distribution of gaps 
sizes (p = 0.1956) or mean gap size (p = 0.476) between the relict and managed stands for 
the 80-year period (Figure 3.4). The number of gaps < 200 m2 accounted for 88.3% and 
89.2% of the total number of gaps in the relict and managed stands, respectively, and gap 
area in gaps < 200 m2 accounted for 69.2% and 67.2%, respectively, of all disturbed area 




(Figure 3.5) and managed (Figure 3.6) stands by decade exhibited a similar pattern, 
although the relict stand does appear to have more total gap area and a greater number of 
gaps > 200 m2. Decades with higher amount of disturbed area were highly correlated with 
the number of gaps > 200 m2 in that decade for both the relict (0.673) and managed 
(0.977) stands. I observed no difference in distribution of gap sizes or mean gap sizes 
when comparing stands within each decade. From 1960 to 1999, gaps > 200 m2 in size in 
the relict stand made up 3.8% of all gaps over the 80 year period compared to < 1% for 
the managed stand; in terms of gap area, they accounted for 9.0% of total gap area, and 
larger gaps in the managed stand accounted for only 1.4% over that same period. 
Although medium-sized gaps (> 200 m2 and < 400 m2) and large gaps (> 400 m2) were 
not numerous at any period during the study, after 1952, the managed stand had only a 
single (1.2%) gap event > 200 m2, and no larger gaps. The relict stand had 11 (6.3%) 
medium-sized gaps and two (1.2%) large gaps during that same period.  
The relict stand mean of 3.3 gaps year-1 (> 1 ha-1), and the total annual gap area of 
370 m2 (164 m2 ha-1) were significantly higher than the managed stand for the period 
1920 – 1999 (Table 3.2); for the post-harvest and -disease period, 1953 – 1999, the 
managed stand had a much lower annual gap area average and a much narrower range 
across years. The annual percentage of area of newly-formed gaps in the relict stand was 
1.65%, almost double that of the managed stand, 0.88%; that value dropped even lower 
for the managed stand, 0.60%, for the period 1953 – 1999 and the range was reduced by a 
factor of 3 to 0 – 1.9%. Between 1953 and 1999, the relict stand only had a single year 
with no gaps formed, but the managed stand had a total of nine, or about 19% of the years 






 Although the rates of disturbance were higher in the relict stand for the period 
1920 – 1999, gap characteristics such as size distribution, mean size, ratio of individual 
and multi-tree gaps were surprisingly similar over time. Overwhelmingly, overstory 
disturbance in both stands was characterized by small gaps (< 200 m2); 88% and 89% of 
all gaps between 1920 and 1999 were < 200 m2 in size in the relict and managed stands, 
respectively. The mean ( s.d.) gap size was very similar in the relict and managed 
stands, 112 m ( 87) and 108 m ( 105), respectively, and it was in the middle of the 
range of several other studies of temperate deciduous forests within the region (Payette et 
al., 1990; Runkle, 1982, 1990). Ward and Parker (1989) in the relict forest used in this 
study, estimated a mean gap area of 52.4 m2, but that measure was more akin to a canopy 
gap as defined by Runkle (1982) that considers the area below the open canopy rather 
than the expanded gap definition that includes area extended to the stems of the gap 
border trees, which this study more closely resembles. In two old-growth Quercus forests 
in Ohio, U.S.A., Cho and Boerner (1991) observed expanded gap means of 28.1 m2 and 
154.4 m2. In contrast, in an old-growth forest also in Ohio, most gaps tallied by 
Weiskittel and Hix (2003) were 100 – 400 m2 in size, with single-tree gaps averaging 248 
m2 and multi-tree gaps about 507 m2. Lorimer (1989) suggested that old deciduous 
forests would typically have larger gap sizes (280 – 375 m2), but as Barden (1989) 
pointed out, definition and interpretation of gaps can result in very different findings 




 I expected mean gap size and size distribution would differ between the stands 
after 1952 because of the removal of a sizeable number of large overstory trees. The lack 
of differences of gap size distributions and means between stands was surprising, but 
considering the abundance of gap sizes < 200 m2 and large standard deviations, perhaps it 
should not be. For second-growth Quercus stands in Tennessee, Hart and Grissino-Mayer 
(2009) observed gaps almost double the mean size of gaps in this study, but they were 
smaller relative to the gap sizes of old-growth Quercus forests in the region. They 
determined that the total gap area within the stand was similar to old-growth stands of the 
region, simply made up of a greater number of smaller gaps. In northern hardwood stands 
in different stages of development, Dahir and Lorimer (1996) observed similar patterns 
with old-growth stands having bigger gap-makers associated with bigger gaps and greater 
stand area in gaps, but younger stands having more events, smaller gap sizes, and less 
total area in gaps. With the exception of the 1940 decade when Dutch elm disease killed 
many elms, the number of gaps within the managed stand in this study was generally 
much lower than the relict stand. It is likely that with large areas of the managed stand 
rapidly filling in canopy gaps there were numerous canopy deaths through self-thinning 
(Lorimer, 1989). Trees that died related to self-thinning likely have smaller crowns, and it 
is unlikely the death of those trees would have been detected in the tree-rings because the 
resource pulse related to the newly-created gap would be very short-lived and would have 
rapidly filled in.  
 The high incidence of individual trees exhibiting release is assumed to be related 
to smaller gaps, presumably a single-tree gap in most cases; some may not have been 




al., 1990). The death of individual trees is the most common pattern of mortality in 
several second-growth stands (Hart and Grissino-Mayer, 2009; Richards and Hart, 2009). 
Rentch et al. (2003a) observed an even distribution between single- and multi-tree gaps in 
five old-growth Quercus-dominated stands, although Weiskittel and Hix (2003) reported 
more multi-tree gaps, which may explain the larger gap sizes they observed also. 
 The percentage of land area disturbed annually averaged 1.65% and 0.88% for the 
relict and managed stands, respectively. Runkle (1982) estimated annual gap formation at 
a rate of approximately 1% (with a range of 0.5% to 2%), which was consistent with rates 
in a diverse group of other forest types (Zackrisson, 1997; Abrell and Jackson, 1978; 
Hartshorn, 1978; Nakashizuka et al., 1992; Runkle, 2000; Miura et al., 2001). Both stands 
averages are approaching the limits of that range, but I expect it is reflective of stand 
histories during the period of study. The combination of many large, old canopy trees and 
the impact of Dutch elm disease in the relict stand likely contributed to the high average 
rate of gap formation. In the managed stand, Dutch elm disease combined with the 
harvest resulted in almost one-third of the canopy being removed between 1943 and 
1952, after which the disturbance rates would be expected to slow considerably because 
that area would have been largely populated by young, vigorous trees, akin to an earlier 
stem exclusion stage of stand development. The average annual rates of newly formed 
gaps also appear to be consistent with many other studies. Runkle (1982) observed land 
area of 3.2% to 24.2% in canopy gaps and 6.7% to 47% in expanded gaps in mesic old-
growth forests of Eastern North America. Weiskittel and Hix (2003) determined that 
17.7% of an old-growth Quercus-Fagus-Acer forest was in canopy gaps, and Busing 




hardwood forests in Tennessee, U.S.A. Given the number of small gaps in the stands and 
estimated rates of canopy closure of < 30 years for other temperate deciduous forests 
(Runkle, 1982; Canham, 1985; Payette et al., 1990), the average annual rates of newly 
formed gaps for both are likely within the range of land area of gaps observed in other 
studies. 
The reason for the high rates of gap formation in the relict stand compared to the 
managed stand is unclear. In 1926, the diameter distributions of the stands are similar, but 
with the reduction of the canopy due to Dutch elm disease and the harvest in 1951, an 
estimated 27% of the canopy was disturbed during the period, the mean diameter of 
canopy trees would have been considerably smaller relative to the relict stand. The 
smaller, more vigorous trees recruiting to the canopy would have been more resistant to 
common disturbances, such as wind, ice, and snow, and when gaps did occur in those 
areas, they would have been quickly filled in through lateral growth and likely do not 
show up in the tree-ring record. The relict stand had a higher fraction of canopy trees 
(5.8%  80 cm dbh) in larger size classes relative to the managed stand (1.5%  80 cm 
dbh) in 2010 (Chapter 2), and presumably throughout the study period. Larger, older 
canopy trees often exhibit higher mortality rates (Goff and West, 1975; Platt et al., 1988; 
Nakashizuka et al., 1992; Runkle, 2000, 2013), and are expected to be associated with 
larger gap openings (Dahir and Lorimer, 1996; Richards and Hart, 2011). Although 
medium and large gaps were not abundant in either stand besides the 1940-decade, their 
value in providing diversity of microenvironments and habitats through vertical and 
horizontal heterogeneity (Levey, 1990; Gray and Spies, 1996; Beckage and Clark, 2003; 




forest biodiversity and resilience (Franklin et al., 2002; Churchill et al., 2013; Kern et al., 
2013).  
 This study provides perspective on the long-term impacts of small-scale canopy 
gap disturbances compared to larger, stand-wide disturbances that remove large portions 
of the canopy in a short period of time. After five decades, the managed stand has fewer 
disturbances, less disturbed area, and fewer large disturbances, all important elements of 
increasing and/or maintaining diversity among plant and animal populations, especially 
in fragmented forests. Forest managers should consider the landscape- and stand-level 
conditions prior to management prescriptions to ensure opportunities for diversity persist 










Table 3.1. Number of releases of individual trees by class, total number of releases, and 
total number of samples by decade for all cores and the subset region of the relict and 
managed stands used for gap delineation.  
 Relict stand  Managed stand 
 Release class    Release class   











 All cores 
1840 0 4 0 4 43  0 1 0 1 7 
1850 2 9 1 12 67  0 1 3 4 8 
1860 0 2 1 3 83  0 1 0 1 11 
1870 4 7 4 15 90  0 0 0 0 20 
1880 6 7 8 21 97  0 2 6 8 24 
1890 11 11 5 27 109  2 4 8 14 26 
1900 1 1 1 3 142  0 2 0 2 43 
1910 3 8 6 17 160  2 1 0 3 123 
1920 16 11 11 38 185  1 5 3 9 180 
1930 7 19 10 36 217  4 15 9 28 197 
1940 26 14 21 61 245  5 22 86 113 224 
1950 19 26 35 80 271  9 19 21 49 268 
1960 15 19 12 46 288  3 12 10 25 287 
1970 18 33 21 72 295  14 22 19 55 294 
1980 29 32 33 94 295  19 20 10 49 297 
1990 17 23 14 54 296  13 18 5 36 297 
 Subset area cores 
1920 8 10 9 27 129  1 5 2 8 110 
1930 4 14 7 25 154  1 8 4 13 122 
1940 22 13 18 53 173  3 14 63 80 139 
1950 12 21 25 58 198  4 12 15 31 167 
1960 12 18 10 40 213  1 6 6 13 178 
1970 10 25 18 53 219  8 10 11 29 182 
1980 19 24 27 70 219  14 16 8 38 185 








Table 3.2. The number of gaps classified by each of the four methods used to delineate 
gaps: polygon, adjacent mixed-story, adjacent overstory, and independents. Sum and 
percent of total gap area created by decade and average gap size by decade are also 
presented. Average gap size was compared using a bootstrap procedure (n=2,000), but 
there were no significant differences between stands for any decade. Data are presented 
for the decades 1920 to 1990 for the relict and managed stands. 
 Relict stand 
Gap type 1920 1930 1940 1950 1960 1970 1980 1990 Sum % of all gaps 
Polygon 1 0 4 2 1 3 3 1 15 5.7% 
Adjacent mixed-story 0 1 7 10 2 9 8 5 42 15.8% 
Adjacent overstory 0 3 3 4 0 0 5 0 15 5.7% 
Independents 23 18 16 24 27 26 33 26 193 72.8% 
Total number of gaps 24 22 30 40 30 38 49 32 265  
Total gap area (m2) 3,001 3,352 4,203 4,557 2,962 2,484 5,923 3,108 29,590  
Percent area (%) 13.3 14.9 18.7 20.3 13.2 11.0 26.3 13.8   
Mean gap area (m2) 125 152 140 114 99 65 121 97 112  
 Managed stand 
Polygon 0 1 6 0 1 3 1 0 12 8.1% 
Adjacent mixed-story 0 1 9 5 0 2 7 1 25 16.9% 
Adjacent overstory 0 1 2 0 0 0 0 0 3 2.0% 
Independents 8 6 16 19 12 13 18 16 108 73.0% 
Total number of gaps 8 9 33 24 13 18 26 17 148  
Total gap area (m2) 835 1,142 6,172 2,289 1,131 1,290 1,876 1,205 15,940  
Percent area (%) 3.7 5.1 27.4 10.2 5.0 5.7 8.3 5.4   









Table 3.3. Mean, standard deviation (s.d.), and range of the number of gaps per year for 
the relict and managed stand for the 1920-1999 period, and the post-harvest period, 1953-
1999. P-values are also presented for t-tests used to compare mean values between 
stands. 
 1920 - 1999  1953 - 1999 
Stand Mean ( s.d.) Range P-value  Mean ( s.d.) Range P-value 
 Number of gaps per year 
Relict 3.3  2.1 0 – 9   3.7  2.2 0 – 9  
Managed 1.8  1.9 0 – 9 < 0.001  1.8  1.6 0 – 6 < 0.001 
 Total annual gap area (m2) 
Relict 370  290 0 – 1,423   374  296 0 – 1,423  
Managed 199  279 0 – 1,520 < 0.001  135  117 0 – 0,421 < 0.001 
 Annual percent gap area (%) 
Relict 1.65  1.29 0 – 6.3   1.67  1.32 0 – 6.3  







Figure 3.1.  Number of trees in the subset areas of the relict and managed stands arranged 
in 5 cm diameter classes; white bars indicate the trees cored within each diameter class, 
and the black bars indicate trees that were not cored. In the bottom row, mapped tree 
locations within the 150 m x 150 m subset areas of each stand. Closed circles () indicate 
locations of cored trees, and plus symbols (+) indicate the locations of trees that were not 








Figure 3.2.  Delineating gap areas based on %GC data. Releases are related in time within 
a three-year window. Dashed-line circles represent tree crowns, and fine-point circles 
represent gap area diameters. A) Polygons used to define gap boundary based on 
overstory trees that form a complete or partial border; B) Adjacent (< 20 m distance) 
pairs of released trees, either both understory (< 25 cm dbh) or an understory and an 
overstory tree, define a gap boundary; C) For two overstory trees exhibiting a release, it 
is assumed that the gap-forming tree was at least as big as the bigger of the two release 
trees at time t. Assuming a triangular pattern of arrangement, half the distance between 
released trees and twice the length of the crown radius of the largest released tree (x+x) 
allowed for the calculation of the triangle height (h); adding estimated crown radius (x) of 
the dead tree calculated the diameter of the gap area (h’); D) Gap area of isolated trees 
that showed a release were based on distances to nearest sample neighbor(s) calculated in 
two ways: overstory trees distance to nearest sample neighbor had to be at least one 
crown diameter distance (2x) away; gap area of understory trees was based on mean 









Figure 3.3.  Annual number of disturbances by class for the relict and managed stands 









Figure 3.4.  Breakdown of percentage of gaps and total gap area by gap size classes for 








Figure 3.5.  Breakdown of percentage of gaps and total gap area by gap size classes for 










Figure 3.6.  Breakdown of percentage of gaps and total gap area by gap size classes for 












CHAPTER 4  CANOPY ACCESSION STRATEGIES IN RELICT AND 





Throughout Central Hardwood forests and many other regions across North 
America, forest species compositions are transitioning from early- and mid-successional 
species dominance to increasingly shade-tolerant species (Nowacki and Abrams, 2008; 
Hanberry et al., 2012). Shifting disturbance regimes over the past century include 
changes to the type, intensity, frequency, and extent of disturbance, thus, influencing 
successional processes and associated species changes in many forests. It has been widely 
suggested that restoring or mimicking natural and/or historic disturbance regimes offers a 
means to influence forest successional processes and species compositions (Franklin et 
al., 2002; Seymour et al., 2002; Long, 2009). 
The occurrence of a species on a site indicates a degree of compatibility between 
site, life history strategies, and the predominant disturbance regime (Denslow, 1980; 
1985). Historically, oak-hickory (Carya-Quercus) complexes dominated forest canopies 
in much of the Central Hardwood region (Abrams, 1992; Bonnicksen, 2000), but they are 




maple (Acer saccharum Marshall) and red maple (Acer rubrum L.). Most oaks and 
hickories are considered intermediate or intolerant of shade and mid-successional species 
(Burns and Honkala, 1990), yet they seemingly persisted for centuries on many different 
site types and were able to regenerate in the understory of these forests (Lorimer et al., 
1994). In fact, the oak-hickory forest complex was so successful, it was often considered 
a climax forest type (Braun, 1950). Oaks do not have high survival in dense understories 
with low light levels (Lorimer et al., 1994; Parker and Dey, 2008); they generally require 
> 5% of full sunlight, thus, presumably understory conditions were frequently disturbed. 
Fire was frequently used by Native Americans for land clearing, promotion of mast and 
fruit trees, and vegetation control (Abrams, 1992; Abrams and Nowacki, 2008).  
Europeans later adopted fire as a tool and added grazing of forest understories by 
domesticated animals as a disturbance that reduced development of mesic, shade-tolerant 
species in forest understories and provided a competitive advantage for oaks when 
understory disturbances occurred (White and White, 1996). Active fire suppression, 
elimination of grazing in forests, and a shift from even-aged harvesting to more single-
tree and small group selection have allowed for the accumulation of mesic, shade-tolerant 
understories in most forests, as shade-intolerant species cannot survive and compete in 
those environments (Johnson et al., 2002). Silvicultural methods are increasingly being 
recommended as a means to increase diversity and maintain early and mid-successional 
species in many forest types (Loftis, 1990; Schlesinger et al., 1993; Lorimer et al., 1994).  
Understanding historic disturbance regimes, establishment, canopy accession and 
recruitment patterns may provide insight into the ecological foundations and the 




This study presents a unique case study of long-term disturbance history and 
species changes in a relict, unmanaged mixed-hardwood stand compared to a stand that 
was selectively harvested in 1951; both stands also experienced widespread disease 
invasion event. Understanding the species dynamics over time may provide insight into 
management alternatives to increase the early- and mid-successional species populations. 
The primary objective of this study was to compare canopy accession strategies of seven 
different species groups (Table 4.1) in a relict natural stand and a managed stand. Tree-
ring chronologies and the decadal radial growth averaging (Lorimer and Frelich, 1989; 
Nowacki and Abrams, 1997) were used to identify disturbance events, and canopy 
accession and recruitment events. I hypothesized that canopy accession strategies of 
species groups are best characterized by species silvics and would not differ between the 
two stands despite differences in disturbance histories. The other hypothesis tested was 
that mean understory residence times would differ between species groups in the two 




 4.2.1. Study Sites 
 
For this study I used two sites to compare the effects of management on canopy 
accession strategies of species groups. Study sites included two mature mixed-hardwood 
forests in central Indiana (40°15’26”, 85°09’16”); they are forest fragments in a 




that has not been actively managed, and the second stand had a single harvest event in 
1951. The relict stand is dominated by species of the red (predominantly Quercus rubra 
L.) and white oak (Quercus alba L., Quercus macrocarpa Michx., and Quercus 
muehlenbergii Engelm.) groups, and increasingly sugar maple. The managed stand is 
dominated by sugar maple and hickory species (predominantly Carya ovata (Mill.) K. 
Koch), but also has important components of white oaks (predominantly Q. macrocarpa), 
red oaks (predominantly Q. rubra), ashes (predominantly Fraxinus americana L.), and 
black walnut (Juglans nigra L.). Lindsey and Schmelz (1970) described these forests as 
mature lowland depressional forests. The stands are within approximately 500 m of each 
other on a till plain with < 5 m change in elevation between them. Forest soils are largely 
composed of Pewamo (fine, mixed, mesic Typic Argiaquolls) and Blount (Fine, illitic, 
mesic Aeric Ochraqualfs) Associations. 
Both stands were inventoried between 1926 and 1927. Red and white oaks 
dominated the relict stand overstory at that time. The managed stand overstory was 
dominated by elm species (Ulmus americana L. and Ulmus rubra Muhl.), with red oaks 
(Q. rubra and Quercus palustris Münchh.), maples (A. saccharum and Acer saccharinum 
L.), and ashes also as prominent canopy species groups. Unlike the dense understory with 
low-light conditions observed at the time of this study, both stands had very open 
understories with few understory trees in 1926 (see Chapter 2 for greater details). Both 
stands were reportedly grazed until sometime before 1926 when both stands were 
enclosed to eliminate grazing of the understory. Pre-European disturbance histories for 
these stands are unknown, but based on the species composition, diameter distributions, 




they were subject to frequent, minor disturbances related to wind, drought, snow, and ice 
damage, and periodic low-moderate intensity fires. The relict stand had sporadic 
removals (5.8 trees ha-1; 5.3 m3 ha-1) of dead or dying trees between 1941 and 1955, and a 
selective harvest in the managed stand in 1951 removed 18.4 trees ha-1 with an estimated 
volume of 8.1 m3 ha-1. Both stands were also subject to elm phloem necrosis and the 
introduction of Dutch elm disease around the middle of the 20th century (Parker and 
Leopold, 1983). Given the high importance value (IV) of elms in the managed stand at 
the time of the initial inventory, 38.8, compared to that of the relict stand, 9.4, disease 
was likely also a significant, stand-wide disturbance in the managed stand.  
  
4.2.2. Data collection 
 
In 2010, I inventoried and measured all trees  10 cm dbh in both stands; for each 
tree, I measured dbh, recorded species and canopy class, and mapped the location of the 
tree within the stand. Cored trees for this study were drawn from two related studies. The 
first set of trees was randomly sampled throughout the stand for the purpose of compiling 
master chronologies for species. The second study involved a systematic sample of a 
subset area of 2.25 ha within each stand based on a 10 m x 10 m sampling grid; the 
nearest structurally-sound tree at each sample point was chosen for coring regardless of 
species (see Chapter 3). To limit the potential impact of coring on these valuable long-
term study sites, often only one core was taken from the large trees. Cores from both 
samples were compiled for analysis for this study. There were 209 cores analyzed from 




to mounts with cells vertically aligned, and surfaced them using progressively finer 
sandpaper, ranging from ANSI 100-grit (mean 122 m) to ANSI 1,000-grit (mean 7 m), 
as needed (Orvis and Grissino-Mayer, 2002). Samples were crossdated by matching 
patterns of narrow and wide rings (Speer, 2010), and ring-widths were measured to 0.001 
mm using a unislide, dissecting microscope, and Measure J2X software (VoorTech 
Consulting, Northwood, NH, U.S.A.). Tree-ring dating was validated using the 
COFECHA program (Grissino-Mayer et al., 2001), and I averaged ring-width measures 
for trees with multiple cores. For cores that did not intersect the pith of the tree, I used the 
pith locator method (Applequist, 1958) that relies on the curvature of partial rings and 
distance between the rings to estimate chronological center of the core. 
  
4.2.3. Data analyses 
  
To simplify the analysis I grouped species of similar shade tolerance and life 
characteristics into seven different groups (Table 4.1): red oak, white oak, sugar maple, 
hickory, ash, tolerant hardwoods, and intolerant hardwoods. To evaluate the occurrence 
of disturbance events, I used the percent growth change at time t calculated according to 
the radial growth averaging technique (Nowacki and Abrams, 1997). The timing and 
intensity of canopy disturbances was estimated based on changes in ring-width over time: 
%ܩܥ௧ ൌ 	 ቂெమି	ெభெభ ቃ 	ൈ 	100         (4.1) 
where %GCt is the percent growth change for year t, M1 is the preceding 10-year mean 




A %GC value was calculated for each year with the exception of the nine years at the 
earliest portion of each core and the most recent nine years of the core. This method has 
been demonstrated to be robust against false positives related to climate (Lorimer and 
Frelich 1989; Nowacki and Abrams, 1997). Furthermore, the method is generally 
accurate within ±1 year of the disturbance year, it has correlated strongly with percent 
crown release, and indicates the severity of the disturbance through the magnitude of 
%GC (Rentch et al., 2002). Disturbance events were classified according to %GC. Major 
disturbance events, > 100 %GC, are large canopy openings not filled by neighboring 
crowns and are typically filled by trees growing from the understory into the canopy.  
To classify canopy accession patterns, I used combinations of two criteria: 1) Did 
the tree establish in a gap or in the understory? and 2) Was the canopy recruitment related 
to a major release event or not? Canopy is defined as the layer of trees that is fully 
exposed to the sun (Lorimer and Frelich, 1989). By this definition, even saplings in gaps 
are defined as canopy trees. Trees were assumed to be associated with a gap when the 
average ring-width of the initial 10 years of growth was at least half of the average ring-
width growth specific to the species and stand, otherwise the tree was considered to have 
initially resided in a low-light condition in the understory. Each tree was assigned to one 
of the following four canopy accession patterns:  
(1) Gap origin – no release: established in a larger gap and had average 
early growth with an increasing trend (Figure 4.1A), or very high initial 
growth with a flat or declining growth trend (Figure 4.1B); no major 




(2) Gap origin – major release: established in a gap and had high initial 
growth followed by declining growth as the canopy closed, then was later 
released by a major disturbance (Figure 4.1C), or had average early 
growth with a slightly increasing or flat growth pattern followed by a 
major release (Figure 4.1D).  
(3) Understory – no release: established in the understory with below 
average rate of growth was eventually able to achieve canopy status 
through a series of minor and moderate releases; only 12 trees were 
classified in this category, and most of them were > 25 cm dbh, the 
approximate lower limit of canopy trees. 
(4) Understory – major release: established under low light conditions and 
persisted in the understory until a major disturbance allowed for the 
eventual recruitment of the tree into the canopy (Figures 4.1E and 4.1F).  
Canopy accession occurs at the time that understory trees, i.e. trees with 
suppressed growth, experience a major release over an extended period of time, or they 
established in a recently formed gap, the ‘gap origin – no release’ (1) canopy accession 
pattern (Lorimer and Frelich, 1989; Rentch et al., 2003a; Hart et al., 2012). I calculated 
mean understory residence time (MURT) as the period of years from pith at 1.4 m to the 
time the tree experienced a major release; canopy accession patterns ‘gap origin – major 
release’ (2) and ‘understory – major release’ (4) were used in this analysis. I made no 
attempt to reconcile the age from seedling initiation to 1.4 m height because of the 
difficulty of coring very large trees at lower heights. I compared canopy accession 




with p-values calculated using 2,000 Monte Carlo simulations. For species groups with 
more than 10 trees that persisted under the canopy in each stand, I compared MURT 
species group means using bootstrap methods. I resampled individuals from each stand 
2,000 times using a sample size of 25 and allowing for replacement, and then a t-test was 
applied; p-values presented were equivalent to the number of resample t-tests that 
exceeded the α = 0.05 level. All analyses were conducted in the R statistical software (R 
Core Team, 2013). 
 
4.3. Results     
 
 The occurrence of pith origin events in the two stands exhibited differences in 
timing and intensity of understory tree regeneration (Figure 4.2). The relict stand had a 
period of recruitment during the 1830 - 1840 period dominated by the less shade-tolerant 
species groups, especially red and white oak species, but there is no comparable events in 
the managed stand during that period. However, in the managed stand between 1910 and 
1920, there was a sudden wave of regeneration dominated by shade-intolerant species, 
particularly hickory and white oak tree species. Around 1920, regeneration within the 
stands appears to be increasingly dominated by sugar maple and other shade-tolerant 
hardwoods, although the influx of shade-tolerant species in the managed stand does 
appear to occur later than in the relict stand. 
Canopy accession strategies were not significantly different between stands (p = 
0.102), although differences among species were evident within the relict (p < 0.001) and 




(56%), tolerant hardwood (70%), and hickory (65%) groups frequently relied on major 
release events, but the red oak (91%), white oak (57%), ash (67%), and intolerant 
hardwood (85%) groups often established in larger gaps that allowed them to grow at a 
higher rate. In the managed stand, trees in the red oak (p = 0.001) and white oak groups 
(p < 0.001) were increasingly reliant on major releases for canopy accession, 74% and 
87%, respectively, while 61% of tolerant hardwood trees (p = 0.035) increasingly 
established in newly created gaps. The intolerant hardwoods, almost entirely made up of 
black walnut (Juglans nigra L.), consistently established in gaps and maintained canopy 
position in both the relict (85%) and managed (91%) stands. Only about 2% of all stems 
in both stems established in the understory with no major releases, and 70% of those were 
sugar maple trees.  
Canopy recruitment patterns in the two stands also exhibited very different 
patterns over time (Figure 4.4). In the relict stand until about 1900, black walnut, red oak, 
and white oak groups dominate canopy recruitment; canopy recruitment in the managed 
stand between 1890 and 1919 was made up largely of black walnut trees and some 
hickory to a lesser degree. After 1910, canopy recruitment in the relict stand was 
increasingly dominated by sugar maple and tolerant hardwood species with very few 
shade-intolerant species. There appears to be similar levels of canopy recruitment across 
decades, with the exception of the 1940 and 1950 period. In the managed stand, the 
number of canopy recruitment events is relatively high in the 1910 decade, particularly 
for hickory and black walnut. Between 1940 and 1960, there was very high recruitment 
of hickory, oaks, and ash into the canopy. During this period, there is also increasing 




dominated canopy recruitment. After the higher disturbance periods of 1940 to 1952, the 
relict stand appeared to be increasing the number of canopy recruits for the following 
three decades, while the opposite pattern is true in the managed stand. 
 Mean understory residence times, MURT, differed among species within the relict 
(2 = 18.08, df = 6, p < 0.001) and managed (2 = 50.20, df = 6, p < 0.001) stands, but 
there were no differences between stands or species in the two stands (Table 4.2). The 
MURT of white oak group (59 ± 29, n=10) was significantly longer than sugar maple (27 
± 17, n=52) in the relict stand, but that was the only set of species groups that differed. In 
the managed stand, hickory (33 ± 13, n =42) and white oak (32 ± 8, n =31) groups were 
significantly longer than sugar maple (18 ± 8, n =22), ash (19 ± 6, n =8), and tolerant 




The results of this study suggest that most trees rely on canopy disturbances for 
recruitment to the canopy. Establishment and canopy recruitment are initiated under one 
of the following scenarios: (i) environments with sustained high light levels, either 
through stand-initiating disturbances or stand-wide disturbances that destroy much of the 
canopy in a relatively short (< 10 years) time frame, thus, allowing for the establishment 
and/or release and rapid growth of understory trees; (ii) establishment and/or growth of 
understory trees in intermittent, small-scale (individual or small groups of trees) canopy 
disturbances, which may allow for the recruitment of one or more understory trees into 




disturbance events; and (iii) continuous establishment in the understory over time and 
adequate growth and persistence of understory trees that allows them to respond to 
release when one of the above-described scenarios (i or ii) occur. Of the 438 tree-ring 
series analyzed, only 12 trees had not yet been recruited to the canopy, and they were all 
< 28 cm dbh.  
The cohort established in the relict stand from approximately 1835 to 1850 was 
dominated by shade intolerant species, predominantly red and white oaks with some 
hickory and black walnut. All stems initiated in a gap environment; 71% of those stems 
originated in large gaps and did not require a major release prior to canopy recruitment. 
There were multiple tree-ring series, predominantly oaks, that dated to earlier than this 
time period not included in this analysis because pith location estimates were not 
possible, thus, it was not a stand-initiating disturbance; presumably it was a standwide 
disturbance that destroyed large portions of the canopy. This area was home to Native 
American Delaware tribes prior to European settlement; beginning around 1820, 
Europeans increasingly settled the area and cleared extensive stands for agriculture. The 
cohort observed in the relict stand in the mid-1800s may have been related to land-
clearing activities, notably fire, at that time. There is no similar cohort evident in the 
managed stand around 1840, although that does not rule out the possibility that a similar 
disturbance occurred in that stand also. Based on the small number of scattered hickory 
trees prior to 1890, it appears that a large majority of trees from that period have died and 
there has been extensive turnover in the stand over the last 120 years. A new cohort of 
predominantly shade-intolerant species established in the managed stand around 1910, 




stand-specific phenomena. Between 1900 and 1930, 86% of stems initiated in a gap 
environment, and 58% remained in the understory and were later released through a 
major disturbance; presumably understory conditions were favorable for shade-intolerant 
species in order for them to survive 20 years or more in the understory. The managed 
stand underwent extensive canopy turnover between 1940 and 1960, presumably related 
to the introduction of Dutch elm disease (Parker and Leopold, 1983) and the selective 
harvest in 1951. During that period, 124 of the 229 samples I analyzed were recruited to 
the canopy; of those 124 stems, only 37 (30%) were of ‘gap origin – no release’ canopy 
accession strategy, and 27 of those 37 (73%) were either sugar maple or tolerant 
hardwood species. This period in time may indicate the threshold when shade-intolerant 
species could no longer widely compete for growing space because of the accumulation 
of a mid-story influencing light levels lower in the canopy profile. 
For the relict and managed stands, patterns of disturbance over the past 180 years 
consist of infrequent, standwide disturbance and frequent, episodic small scale 
disturbances. Several studies indicate that recurrent, small-scale canopy disturbances will 
tend to favor shade tolerant species, especially on more mesic sites (Barden, 1980, 1981; 
Runkle, 1985; Payette et al., 1990; Busing, 1998). The abundance of shade-intolerant 
species in the oldest cohorts of each stand indicates that shade-tolerant species likely had 
a minor role in these forests during this early period. If they were more abundant during 
that period, I would expect to see more sugar maple and American beech in the oldest 
cohorts. Both species can live in excess of 300 years (Burns and Honkala, 1990), yet only 




The most common shade-intolerant species in these stands included bur oak, 
northern red oak, white oak, shagbark hickory, all of which are classified as 
intermediately tolerant of shade, and black walnut, which is considered shade-intolerant 
(Burns and Honkala, 1990). The shade-intolerant species groups in both stands generally 
had longer periods of mean understory residence time than the shade-tolerant species, 
suggesting that they could out-compete the shade-tolerant species.  
This may seem counter-intuitive, but the differences are likely related to the times 
of establishment combined with the time until disturbance. Understory light levels on 
mesic sites can be as low as 1% of full sunlight (Lorimer et al., 1994). White oak 
seedling, saplings, and poles can persist under closed canopies for an estimated 60 – 90 
years, and they can respond upon release (Minckler, 1957, 1967; Schlesinger, 1978; 
Rentch et al., 2003b). Shagbark hickory has even been considered a climax species by 
some authors because it typically grows slower than some of its common co-occurring 
species and can maintain a sub-canopy position (Burns and Honkala, 1990). In contrast, 
northern red oaks, considered the most intolerant of the oaks on these sites, require at 
least 2 – 5% of full sunlight to survive (Gottschalk, 1987; Hanson et al., 1987); they tend 
to have considerably lower survival rates under low light conditions than other oak 
species and are often eliminated within 10 years (Tryon and Carvell, 1958; Loftis, 1990; 
Lorimer, 1993). Black walnut seedlings, one of the most intolerant species at these sites, 
rarely survive under dense forest canopies (Burns and Honkala, 1990). However, the 
initial inventories of these stands indicate that the understories and overstories were 




persistence in the understory implies that competition from shade-tolerant sugar maple, 
American beech, and elms was historically very low. 
The absence of shade-tolerant competitors was likely a result of frequent and 
repeated disturbances. Prentice (unpublished data) indicated the stands were grazed by 
domesticated livestock prior to Purdue’s acquisition of the property, around the early 
1920s, and sometime shortly afterwards fences were erected to eliminate grazing. All the 
species at these sites are rather well adapted to browsing and are able to sprout after 
topkill (Burns and Honkala, 1990). Oaks tend to invest in greater root carbohydrate 
reserves relative to many of their competitors, and they are prolific sprouters (Johnson et 
al., 2002); thus, they are well adapted to frequent top kill and this disturbance may in fact 
increase their relative competitiveness. Although no information exists regarding historic 
fire regimes on these sites, fire was commonly used by European settlers to clear land 
(White and White, 1996). These sites are rather wet during parts of the year, but they 
could undoubtedly carry fires during dry years and/or seasons. Frequent fires provide a 
competitive advantage to oaks and hickories and selects against mesophytic hardwoods 
(Abrams, 1992). Brose et al. (2013) determined that oaks sprouted at higher rates than 
mesophytic species in response to fire, and species with thinner bark, such as sugar maple 
and American beech (Fagus grandifolia Ehrh.), are especially susceptible to even low 
intensity fires (Burns and Honkala, 1990). The combination of repeated grazing, which 
serves to limit seedling growth, and occasional fires might have especially favored the 
oak and hickory species so that when released, they could respond more vigorously and 




In both stands during the 1920s and 1930s, the establishment of shade-tolerant 
species begins and establishment continues over time; this corresponds with the fencing 
of the forest stands to eliminate grazing by domesticated livestock. The continuous and 
gradual establishment of shade-tolerant species in both stands may be related to low 
numbers of shade-tolerant trees and a limited seed source at the time grazing ceased. In 
the relict stand, maple and American beech had a combined importance value (IV) of 4.6, 
although that value was higher (18.7) in the managed stand. Elms were important in both 
stands at the time, IV of 9.4 and 38.8, respectively, but the introduction of Dutch elm 
disease essentially limited them to understory trees. In the relict stand, shade-intolerant 
species establishment and canopy recruitment has now been reduced to but a fraction of 
the totals. Newly opened growing space resulting from canopy disturbance is increasingly 
being utilized by shade-tolerant species, as has been observed in many other studies of 
temperate deciduous forests (Abrams and Scott, 1989; Abrams and Downs, 1990; Payette 
et al., 1990; Abrams et al., 1997). In the managed stand, the proportion of shade-
intolerants recruited to the canopy continues through until about 1950; the cohort 
established in the 1910 decade appears to have persisted until the 1940s, when Dutch elm 
disease presumably killed much of the overstory. It is likely that the shade-intolerant trees 
were in a favorable sub-canopy position with a competitive size advantage compared to 
the progressively invading shade-tolerant species into the understory. This scenario is 
similar to many modern silvicultural recommendations that encourage the control of 
understory vegetation to allow for the accumulation of oak advanced growth, and then 
complete a shelterwood harvest to encourage oak recruitment into the canopy (Loftis, 




This contrast of natural and managed stands provides important insight into long-
term individual tree and stand dynamics. Shade-intolerant species were able to maintain a 
multi-aged, self-replacing dominance within these stands until understory disturbance 
rates declined and shade-tolerant stems increasingly limited their ability to regenerate in 
the understory. Today, sugar maple and other shade-tolerant stems in the understory 
heavily dominate these stands, and oak saplings and other shade-intolerant saplings are 
an absolute rarity. The importance of frequent understory disturbance to limit shade-
tolerant species and provide a competitive advantage to several shade-intolerant species 
was highlighted in this study. In the managed stand, once the shade-intolerant species 
were able to establish in the understory around 1910, they were then able to maintain that 
competitive advantage for another 40 years under a closed canopy. If the shade-intolerant 
hickories, red and white oak group species can establish in the understory, it appears they 
can maintain a competitive advantage for at least 30 years over more shade-tolerant 
competitors. 
This study has provided an ecological and historical context that substantiates 
much of the current research in oak silviculture. Fire seems to offer an effective means to 
control the understory competition, and it selects against many mesophytic, shade-
tolerant species (Brose et al., 2013). Frequent fire treatments may not be practical in all 
circumstances, but it appears to be a very effective tool in preparation for regenerating 
stands or portions of stands. Combined with infrequent larger disturbances to the canopy, 
such as group selection or incomplete shelterwood harvests, could also encourage the 
development and recruitment of more shade-intolerant trees in the canopy and the 




standwide disturbances, and controlling understory structure and composition provides a 
historically and ecologically accurate template to reinstitute historic disturbance regimes, 







Table 4.1. Species groups and individual species within each group, and total number of 
cores that were used in the analysis. Details the number of trees that had a core 
containing pith origin date at 1.4 m. 
Species group Common name Scientific name Relict Managed 
Red oak Northern red oak Quercus rubra L. 10 8 
 Pin oak Quercus palustris Münchh. 0 0 
 Shumard oak Quercus shumardii Buckley 1 0 
  Totals 11 8 
White oak Bur oak Quercus macrocarpa Michx. 14 32 
 Chinkapin oak Quercus muehlenbergii Engelm. 1 0 
 Swamp white oak Quercus bicolor Willd. 1 5 
 White oak Quercus alba L. 7 0 
  Totals 23 37 
Hickory Bitternut hickory Carya cordiformis (Wangenh.) K. Koch 3 4 
 Shagbark hickory Carya ovata (Mill.) K. Koch 17 63 
  Totals 20 67 
Ash Black ash Fraxinus nigra Marshall 0 3 
 White ash Fraxinus americana L. 9 12 
  Totals 9 15 
Intolerant hardwood Black cherry Prunus serotina Ehrh. 1 0 Black walnut Juglans nigra L. 12 26 
  Totals 13 26 
Tolerant  hardwood 
 
American beech Fagus grandifolia Ehrh. 17 0 
American elm Ulmus americana L. 10 5 
 American basswood Tilia americana L. 1 6 
 Box elder Acer negundo L. 2 0 
 Hackberry Celtis occidentalis L. 6 10 
 Ohio buckeye Aesculus glabra Willd. 0 4 
 Red elm Ulmus rubra Muhl. 3 2 
 Red maple Acer rubrum L. 0 2 
 Silver maple Acer saccharinum L. 1 4 
  Totals 40 33 
Sugar maple Sugar maple Acer saccharum Marshall Totals 93 43 






Table 4.2. Range and mean understory residence time (± standard deviation; S.D.) by 
species group for trees in the relict and managed stands. Mean understory residence time 
is the number of years between the pith origin date and the time until a major release 
(%GC > 100%). Only trees classified as gap origin – major release and understory – 
major release are included in this analysis. 
 
 
Species group N  MURT (± S.D.) Range 
Relict stand 
Ash 3   27 ± 12 13 - 037 
Hickory 13  52 ± 38 11 - 152 
Intolerant hardwood 2  52 ± 00 17 - 052 
Red oak 1  48 ± 00 10 - 048 
Sugar maple 52  27 ± 17 9 - 072 
Tolerant hardwood 28  28 ± 15 9 - 056 
White oak 10   59 ± 29 10 - 088 
Managed stand 
Ash 8   19 ± 06 26 - 077 
Hickory 42  33 ± 13 18 - 088 
Intolerant hardwood 2  34 ± 09 27 - 040 
Red oak 6  23 ± 10 14 - 040 
Sugar maple 22  18 ± 08 9 - 044 
Tolerant hardwood 13  22 ± 13 9 - 058 










Figure 4.1.  Examples of individual tree-ring series based on origin and canopy accession 
strategies. Plates A and B represent gap origin – no release strategies; C and D represent 
gap origin – major release strategies; and E and F represent understory – major release 










Figure 4.2.  Pith origin events, indicative of the period when a tree reached breast height 











Figure 4.3.  Proportion of trees by canopy accession strategies by species groups for the 









Figure 4.4.  Canopy recruitment events by species group and decade for the relict (top) 








CHAPTER 5  LONG-TERM IMPLICATIONS OF PARTIAL HARVESTS TO 




Even after death, trees continue to influence ecological processes and biodiversity 
of forest ecosystems (Franklin et al., 1987). Coarse woody debris (CWD), which includes 
both standing dead trees (SDW) and down deadwood (DDW), provides regeneration 
substrate for some plants, serves as habitat for many insect and wildlife taxa, mitigates 
runoff and erosion from slopes, contributes to soil development, and provides long-term 
sequestration of carbon and other nutrients (Harmon et al., 1986). Because CWD decays 
slowly, it can potentially influence these ecological processes at local, stand, and 
landscape levels for many decades. As forest managers have attempted to integrate a 
broader array of ecological objectives into their planning, provision of CWD to preserve 
structural attributes and ecological processes has become increasingly emphasized. 
Understanding the spatiotemporal dynamics of CWD is essential to framing strategies for 
forest and wildlife management (Riffell et al., 2011). The importance of CWD as habitat 
has been well documented for many organisms including small mammals (Butts and 
McComb, 2000; Zollner and Crane, 2003), birds (Swallow et al., 1988; Linden et al., 




1997; Grove, 2002), and fungi (Rubino and McCarthy, 2003; Ylisirniö et al., 2009; 
Larrieu et al., 2012). Understanding the spatiotemporal dynamics of CWD is essential to 
framing strategies for forest and wildlife management (Riffell et al., 2011). The 
importance of CWD as habitat has been well documented for many organisms including 
small mammals (Butts and McComb, 2000; Zollner and Crane, 2003), birds (Swallow et 
al., 1988; Linden et al., 2012), amphibians (Butts and McComb, 2000; Greenberg, 2001), 
arthropods (Hammond, 1997; Grove, 2002), and fungi (Rubino and McCarthy, 2003; 
Ylisirniö et al., 2009; Larrieu et al., 2012). Given the abundance of CWD in unmanaged 
forests, it is conceivable that many species evolved to rely on a suite of habitats (Jonsson, 
2000; Grove, 2002) based on abundance, species, size distribution, decay rates, and 
position (standing vs. fallen) of CWD (Harmon et al., 1986; Franklin et al., 1987). Spatial 
distribution of CWD may be particularly important for taxa that are dispersal limited, 
have a narrow range of habitat tolerances, and/or are susceptible to high rates of 
predation without protective cover. 
Spatiotemporal CWD dynamics are largely influenced by tree mortality and decay 
rates.  Tree mortality is not evenly distributed over time or space (Franklin et al., 1987) 
and is related to disturbance history, stand structure, and site factors (Harmon et al., 
1986), which will in turn influence patterns of CWD dispersion. Some causes of 
mortality, such as density-dependent competition, insect outbreaks, moderate to large 
climate events, fire, pollution, may lead to aggregated CWD patterns both in time and 
space, whereas mortality related to senescence, edaphic conditions, and wind events, may 
lead to more random spatial patterns and continuous temporal distributions (Stewart, 




temperature, moisture, surface area, and position (e.g. standing vs. horizontal; Harmon et 
al., 1986). 
 Changes to spatiotemporal patterns of habitat continuity in managed and 
fragmented forests are likely to influence species dispersal, success, and fitness (McPeek 
and Holt, 1992). In forests where CWD historically were temporally continuous, either 
from slow rates of decay or continual inputs, species with limited dispersal should 
predominate, and the connectivity and spatial arrangement of CWD be more critical to 
the abundance of species and individuals (MacPeek and Holt, 1992; Edman and Jonsson, 
2001). Connectivity, or “the degree to which a landscape facilitates or impedes 
movement of organisms among resource patches” (Tischendorf and Fahrig, 2000), can be 
either structural, where habitat contiguity is evaluated by measures of physical 
characteristics, or functional, where behavioral responses of individuals to landscape 
features define contiguity. Coarse woody debris availability, connectivity, patch size and 
abundance are critical to supporting and maintaining diverse natural communities (Turner 
et al., 2001). Connectivity is an emergent property across multiple ecological scales that 
strongly influences the population and metapopulation dynamics of multiple taxa. 
 Not surprisingly, the literature is replete with differences among species regarding 
the importance of connectivity of CWD at the stand scale. Organisms that are highly 
mobile are likely unaffected at these small scales, but there may be population fitness 
benefits associated with high connectivity for these species, e.g. prey avoidance and 
perch sites (McComb, 2003). For saproxylic organisms that may be dispersal-limited, 




connectivity may be very important to their local survival. Schiegg (2000) observed 
higher species richness of saproxylic Diptera and Coleoptera species in plots with higher 
connectivity, not solely higher CWD volume, and differences in species assemblages 
among plots with high and low connectivity. In a study of three bryophyte species that 
inhabit CWD, Laaka-Lindberg et al. (2006) observed that despite their different substrate 
specificity and prevailing reproductive mode, all species were aggregated at distances < 
20 m related to available CWD, indicating that the bryophytes were quite dispersal-
limited. In two temperate woodlands of Australia, Manning et al. (2013) added CWD at 
rates of 20 and 40 tons ha-1 in clumped and dispersed patterns to evaluate the response of 
reptiles over a four-year period. The authors concluded that both abundance and spatial 
pattern of CWD influenced small skinks and all reptiles. Other studies have inferred 
varied responses to connectivity of CWD among study species (Jönsson et al., 2008; 
Ylisirniö et al., 2009; Fedrowitz et al., 2012), while others have determined that 
distribution of CWD was not important for the species studied (Rolstad et al., 2004; 
Komonen, 2005). In a study of spatial patterns of 16 wood-decaying fungi, Edman and 
Jonsson (2001) found that only three of the 16 species displayed an aggregated pattern, 
suggesting that few of the species were dispersal-limited. However, Edman and Jonsson 
noted that of the 70 species sampled, most were too scarce to be statistically analyzed, 
which may also indicate the species were, in part, dispersal-limited. This array of 
contradictory findings is not overly surprising, as the scale of connectivity or, conversely, 
fragmentation would be related to the organisms’ ability to disperse and perceive new 




 Several studies of old-growth forests have observed high abundance and 
aggregated patterning of DWD (Edman and Jonsson, 2001; Komonen, 2005; Ylisirniö et 
al., 2009), but patterns of SDW were inconsistent across studies (Szwagrzyk and 
Czerwczak, 1993; Aakala et al., 2007). Forest management, through disproportionate 
removal of both low-vigor and larger trees as product, often reduces the abundance of 
CWD over time and can either homogenize or concentrate CWD distribution, depending 
on the management regime. Even-aged management practices have often resulted in 
substantial, long-lasting reductions in CWD in several studies (Gore and Patterson, 1986; 
Goodburn and Lorimer, 1998; McGee et al., 1999). Even-aged stands typically have 
abundant CWD related to harvest or disturbance events early in stand development, but 
as it is decaying there is little accumulation from the developing stand until the stand 
begins to break up    (Sturtevant et al., 1997). Forest stands that are subject to 
intermediate harvest removals will also experience changes to CWD size and species, 
volume, input rates, and spatial distribution (Harmon et al., 1986). Intermediate harvests 
of individual or small groups of trees tend to remove larger trees throughout the stand and 
allows for the growth and development of smaller trees (Smith et al., 1997), thus, 
impacting future spatiotemporal inputs of CWD. Partial harvests have typically been 
considered to have a more short-term and minor ecological impact; however, the 
influence of partial harvests on CWD has been inconclusive. Compared to unmanaged 
stands, Goodburn and Lorimer (1998) observed lower DDW volumes, Doyon et al. 
(2005) observed higher, and several others (Gore and Patterson, 1986; Angers et al., 
2005; Vanderwel et al., 2008) observed similar DDW volumes; snag abundances were 




2005) than in unmanaged stands in different studies. Differences among these studies 
may be reflective of decomposition rates in different regions and forest types, harvest 
intensity, stand structures and associated mortality rates, post-harvest residue inputs, or 
the spatiotemporal stochastic nature of disturbance, but the diversity among findings 
warrants further study of CWD patterns in partial harvest stands.  
 I examined the quantity, quality, and spatial arrangement of dead wood in a relict 
forest and two managed forests that were harvested more than 46 years. All stands are 
isolated forests within an agricultural matrix; thus, connectivity at a stand level may be 
especially important to sustain dispersal-limited taxa under the assumption that highly 
connected populations are less likely to succumb to local random extinction events. In 
this study, I focus on the structural connectivity of the CWD within stands. Based on the 
differences in disturbance histories of these stands, I hypothesized:  1) the overall volume 
of CWD will decrease with increasing disturbance severity; 2) average piece size and 
abundance of CWD would be less in managed stands than in a relict, unmanaged stand; 
3) managed stands will contain a lower volume of highly decayed and large diameter 
CWD than the relict stand; and 4) distribution of CWD, stratified by size class, will result 











5.2.1. Study Sites 
  
Study sites are three deciduous forest stands within a fragmented, agricultural 
landscape in Randolph County, east-central Indiana, U.S.A. (40°15’26”, 85°09’16”); all 
sites are less than 3 km away from one another. Lindsey and Schmelz (1970) described 
these sites as mature lowland depressional forests with gently rolling, low relief 
topography and elevation changes < 5 m across the entire area. In 1926, all three stands 
had similar structure and composition (Chapter 2) with overstories mostly dominated by 
large trees of Quercus species, although one managed stand also had many dominant 
Ulmus trees. At that time, understory density was low, but stems were highly aggregated. 
All sites were grazed until sometime in the 1920s, at which time fences were erected to 
exclude domesticated livestock. In the ensuing decades, the understory has become dense 
with Acer and Ulmus stems. Since the middle of the 20th century, all stands have been 
impacted by Dutch elm disease and elm phloem necrosis, resulting in heavy mortality of 
Ulmus. The relict forest is the largest stand, of which I sampled the 8.5 ha interior. 
Historical records indicate that this stand has not been managed, with the exception of the 
removal of some dead and dying trees in 1941, 1948, and 1955 (total removal of 5.8 trees 
ha-1 and volume of 5.3 m3 ha-1). The smallest stand was sampled in its entirety; this stand, 
referred to as the double-harvest stand henceforth, was selectively harvested in 1951 
(removal of 11.6 trees ha-1; 9.8 m3 ha-1) and again in 1964 (removal of 11.3 trees ha-1; 7.8 




ha-1; 8.1 m3 ha-1); this stand will be referred to as the single-harvest stand henceforth. 
Only the southern portion of this stand was sampled as periodic firewood removals and 
maintained trails within the northern portion may influence the structure of that area of 
the stand. According to historical records, all trees removed from these stands were 
overstory individuals ≥ 40 cm dbh. The location of harvested trees was not recorded at 
the time of harvest, so I assumed they were uniformly distributed throughout the stands. 
For a more thorough description of these sites, see Chapter 2.   
 
5.2.1. Data Collection 
 
I intensively sampled stands using a 10 m by 10 m grid surveyed by Ward and 
Parker (1989). I used point relascope sampling (Gove et al., 1999; Gove et al., 2001), a 
probability proportional to size (PPS) sampling method. At each point, an angle gauge is 
used to project a fixed acute angle originating at the point center through which each 
piece of DDW is viewed, regardless of orientation of log. If the piece is longer than the 
projected angle, it is sampled; if it is shorter than the projected angle, the piece is not 
sampled. I tested a series of relascope angles for use in these forest types and settled on 
an angle of 60° because it provided the best compromise for the number of pieces 
sampled per plot in these very different stands. For each individual piece above 10 cm 
diameter, I measured the large end diameter (above the flare of the roots if applicable), 
the small end diameter, and the length of the piece. When longer pieces still had multiple 
branches intact within a partially intact crown, I chose the single most linear piece to 




branches of the crown were sufficiently long and had a large enough diameter to be 
sampled as independent pieces. I also classified each piece according to its decay stage; 
when a piece is sufficiently large, it often had different sections of the piece in different 
decay stages, so I assigned decay class based on the decay state of the section comprising 
the greatest proportion of volume. For DDW, I classified decay stage as: ‘fresh’ if 
recently dead with wood still hard and bark largely present, either loose or tight; 
‘intermediate’ as bark mostly gone, bole periphery softened whereby a blade can 
penetrate the outer layer; ‘old’ as little to no bark remains, bole periphery is very rotten 
and extends in to the core, perhaps partially incorporated into forest floor or vegetation 
has begun to colonize. For SDW, I had only two categories: ‘fresh’ and ‘intermediate’, as 
described above.  
To estimate individual DDW piece volumes, I assumed a conic-paraboloid shape 
to minimize field measures required (large and small ends only) and to minimize bias of 
estimates (Fraver et al., 2007). Because I were only interested in historical inputs of 
DWD as a function of forest dynamics, I did not account for decreased volumes of 
collapsed pieces in advanced states of decay, as recommended by Fraver et al. (2007). I 
calculated volume (V; m3) using: 
ܸ ൌ 	 ௅ଵଶ 	ൈ 	൫5ܣ௟ ൅	5ܣ௦ ൅ 2ඥܣ௟ܣ௦൯       (5.1) 
where L is DDW length (m), Al is cross-sectional area (cm) at large end, and As is cross-
sectional area (cm) at small end.  
Standing dead wood was sampled with a 10 basal area factor prism and using the 
same sampling grid described above for DDW. I sampled only SDW ≥1.3 m in height; 




top of crown if still intact or highest part of standing stem, and state of decay was 
recorded for each SDW piece. Volume for SDW with intact or partially intact crowns 
was based on unpublished local volume tables to a height where the stem had an 
estimated diameter of 10 cm (T.W. Beers, unpublished). Volume for SDW that were 
sheared and no longer had any crown branch structure intact was estimated with equation 
5.1 using height for length, breast height diameter to calculate Al, and a form factor of 78 
to estimate small end diameter and calculate As. 
 
5.2.3. Data Analyses 
 
I compared mean length, large end diameter, and volume of individual DDW 
among all three stands using a generalized linear model (GLM) to account for the 
unbalanced number of pieces sampled in each stand. I used a log transformation of the 
response variable and a Gaussian distribution of errors. I used the same procedure for 
individual pieces of SDW to examine diameter at 1.37 m, height, and volume. To test for 
differences of DDW and SDW abundance among stands, I used a subset of the sampling 
grid based on a 30 m by 30 m distribution to limit correlation among plots that may arise 
related to multiple sampling of individual pieces from different plots. Similar to the 
individual piece analysis described above, I used a GLM procedure on the square root 
transformed response variable and a Gaussian distribution of errors. Post-hoc tests of 
comparison were conducted using Tukey’s honest significant differences method.  
I tested for differences between stands based on volume ha-1 by size classes (< 30 




units (ft3 ac-1) to meet chi-square restrictions of cell sizes > 5. For density, I could only 
test for differences in the number of pieces of DDW by decay classes; DDW by size 
classes and SDW for decay and size classes had small values that could not be tested, 
although I do present them graphically. All tests were conducted with an alpha level of 
0.05, and all analyses were done using R (R Core Team 2013). 
Estimates of functional connectivity were developed to characterize the potential 
for dispersal-limited organisms to move throughout the stand based on their affinity for 
CWD of a certain form or size. In this analysis, I assumed organisms could disperse 10 
m, or the distance between two grid cells, if there was the appropriate CWD available in 
adjacent cells.  Therefore, the data were trimmed to include only CWD pieces of a certain 
type (SWD vs. DWD) and diameter size class (10 cm width) that were tallied from at 
least two grid points. Connectivity was defined by the number of grid points that tallied a 
CWD piece divided by the total number of grid points, and reported as a percentage. I 
standardized patch area and patch density to a per hectare basis; patches of CWD were 
defined either by the edge of the sample area, adjacent plots that tallied no CWD, or some 
combination of the two. Connectivity interactions between DDW and SDW were not 
investigated as the PPS methods differ both in angle used to select sample pieces (i.e., 
DDW is sampled with 60° and SDW is sampled with 1° 48’) and also the size criterion 










Individual pieces of DDW in the relict stand were significantly larger in large-end 
diameter, length, and volume compared to the partial-harvest stands (Table 5.1; all p ≤ 
0.003). In the double-harvest stand, DDW pieces had a slightly greater mean large-end 
diameter (p = 0.222) and volume (p = 0.999), and a significantly greater mean length (p = 
0.015) than in the single-harvest stand; this counter-intuitive result is likely explained by 
a few very large remnant trees that were killed in the double-harvest stand. Mean volume 
of individual DDW pieces within the relict stand was 142% greater compared to the 
double-harvest stand and 248% greater than those of the single-harvest stand. Individual 
SDW pieces of the relict and single-harvest stands were not significantly different (all p ≥ 
0.202); however, mean breast height diameter, height, and volume of individual pieces of 
both stands differed from those of the double-harvest stand (all p ≤ 0.02). Within the 
double-harvest stand, the population of SDW was dominated by smaller pieces with 
correspondingly low volumes.  
Mean number of DDW pieces ha-1 within the relict stand was significantly greater 
compared to the single-harvest stand (p = 0.033), but did not differ from the double-
harvest stand (p = 0.134; Table 5.2); the partial-harvest stands were not significantly 
different from one another (p = 0.975). Significant differences between the relict and 
partial-harvest stands was evident for volume ha-1 of DDW (all p < 0.001), with the relict 
stand having 328% and 219% greater volume compared to the single-harvest and double-
harvest stands, respectively; the partial-harvest stands were not significantly different 




three stands (all p ≥ 0.764), but SDW volume ha-1 of the relict stand was significantly 
higher (both p ≤ 0.008) than that of both partial harvest stands, which were not different 
from one another (p = 0.773). Although density of SDW pieces ha-1 did not significantly 
differ among stands (all p > 0.245), the double-harvest stand had 41.2 ± 9.1 (mean ± SD) 
pieces ha-1 on average, almost double that of the relict stand. The SDW volume ha-1 of 
the relict stand was 217% greater than that of the single-harvest stand and 320% greater 
than that of the double-harvest stand. 
A chi-square test determined that there was a significant difference (χ2 = 15.2, df 
= 4, p = 0.004) in the distribution of number of DDW pieces ha-1 between stands among 
decay classes (Figure 5.1). The double-harvest stand had 55.8 pieces ha-1 compared to ≤ 
32.9 pieces ha-1 in the other stands, but the density of old DDW pieces in the relict stand 
(108.4 pieces ha-1) was much higher than either of the partial-harvest stands (≤ 44.4 
pieces ha-1). Differences in volume ha-1 by decay class were also significant (χ2 = 131.0, 
df = 4, p < 0.001), notably the relict stand had much  greater volumes in intermediate and 
old decay classes, 49.4 m3 ha-1 and 65.1 m3 ha-1, respectively, which was more than twice 
the amount in either of the partial-harvest stands. Density of SDW pieces by decay class 
could not be tested because there were too few pieces in the intermediate decay class, but 
there was more than three times the number of fresh SDW pieces (37.4 pieces ha-1) in the 
double-harvest stand compared to the other stands (Figure 5.1). Volume ha-1 of SDW by 
decay class was significantly different among stands as well (χ2 = 177.6, df = 2, p < 
0.001), with the relict stand having approximately 12 m3 ha-1 in both fresh and 





For size class distributions, I could not test for differences in the number of DDW 
or SDW pieces ha-1 between stands because some classes had very low values (Figure 
5.2). For DDW pieces, there were no evident trends within classes; however, all stands 
exhibited high densities in DDW < 30 cm, similar to the living tree distribution (Chapter 
2), and there was a sharp decline in density as large end diameter class increased. No 
trends were apparent for SDW pieces ha-1 in the larger size classes, but the double-
harvest had more than double the density, 38.2 pieces ha-1, in the < 30 cm size class. 
Volume of DDW ha-1 across size classes was different across stands (χ2 = 103.8, df = 2, p 
< 0.001), with the relict stand having larger volumes in all size classes, most notably in 
classes > 30 cm; the single- and double-harvest stands had similar values, but the DDW 
volume ha-1 of the > 60 cm class in the double-harvest stand was twice that of the single-
harvest stand. The relict stand exhibited a strong increase in volume with increased size 
class; while the same pattern is somewhat evident in the double-harvest stand, the single-
harvest stand has a relatively even profile across size classes. Volume of SDW ha-1 across 
size classes was different across stands (χ2 = 76.3, df = 2, p < 0.001), likely attributable to 
the large relict stand volumes of SDW, 18.2 m3 ha-1, compared to 4.8 m3 ha-1 and 3.7 m3 
ha-1 for the single- and double-harvest stands, respectively, otherwise stands had 
relatively similar volumes by size class. 
Connectivity of DDW and SDW declined as minimum size diameter increased in 
a similar pattern for all stands, but the relict stand always displayed much higher 
connectivity (Figures 5.3, 5.4, and 5.5). Mean patch area ha-1 of DDW generally 
decreased as minimum size diameter increased, but the partial harvest stands area did 




Mean patch area ha-1 of the relict stand DDW exhibited two abrupt decreases at minimum 
large end diameters of 40 cm and 60 cm; beyond 60 cm, all three stands had similar mean 
patch area ha-1. For SDW, patch sizes show a similar flat profile for partial-harvest 
stands, and mean patch area ha-1 of the relict stand abruptly decreases beyond a diameter 
of 40 cm. Number of patches ha-1 generally exhibited an inverse relationship to mean 
patch area ha-1, thus, the partial-harvest stands tended to have a greater number of smaller 
patches (Figures 5.4 and 5.5). Beyond a diameter of 60 cm for DDW and SDW, number 
of patches was more similar across all stands, although the single-harvest stand generally 
exhibited a greater number of patches than the other two stands. Although I used no 
metrics to compare overlay of sample volume plot-1, DDW and SDW differences 
between stands are apparent also (Figure 5.6). In the relict stand, plots with large SDW 
volumes tended to occur in areas with little or no DDW; I observed a similar pattern in 
the partial-harvest stands, but volumes of DDW and SDW throughout the stands were 
much lower. There were very few plots with no DDW or SDW sampled in the relict 
stand, but there were numerous patches throughout the partial-harvest stands with little or 
no DDW or SDW sampled. 
       
5.4. Discussion 
 
Almost half a century later, the effects of partial harvests on the average size, 
amount, and spatial distribution of CWD is evident; the relict forest had significantly 
larger DDW and SDW pieces, significantly more volume, and higher connectivity among 




CWD appeared to be at risk in the harvested stands, especially in a fragmented landscape 
where isolation of forest patches may further hinder connectivity at larger spatial scales.  
At the stand level, CWD abundance and spatial distribution are a function of 
CWD input and decomposition rates (Siitonen, 2001; Harmon, 2009), which have been 
influenced differentially within the partial harvest stands as a result of changes in species 
composition and structure. All stands were subject to the same background mortality, 
typically density-independent mortality related to windthrow, senescence, disease, 
insects, or some combination of these agents. These mortality events tend to occur 
randomly in time and space (Franklin et al., 1987) and may affect species and/or different 
size trees in differing capacities (Turcotte et al., 2012). Dutch elm disease has been 
present at all sites over the last half century (Parker and Leopold, 1983), creating a 
continuous source of CWD input randomly dispersed through time and space within all 
stands. In 2010, Ulmus trees, generally < 20 cm diameter at 1.37 m, were most abundant 
in the double-harvest stand (86 trees ha-1), but were also common throughout the relict 
and single-harvest stands also with 41 trees ha-1and 25 trees ha-1, respectively. Given the 
relatively small size and low proportion of heartwood within understory Ulmus trees, 
they are likely an ephemeral source of CWD throughout all stands with limited impact on 
long-term volumes and connectivity. 
Relative to the relict stand, the harvest of large overstory trees in the partial 
harvest stands altered stand structures and composition (Chapter 2), which, in turn, likely 
influenced CWD inputs and decomposition rates. Many studies of forest management 
effects on CWD have documented increased abundance related to harvest levels, 




Given the time since harvest in these stands (>50 years), I assumed that all CWD inputs 
were the result of natural processes rather than residual CWD related to the harvests; this 
was supported by the fact that we observed no evidence of stumps in the managed stands. 
Removal of individual or small groups of large canopy trees allows for the release, 
growth and development of advance regeneration, or the establishment of new 
regeneration. Chapter 2 proposed that the partial harvest stands likely allowed the release 
of understory stems, notably Carya and Fraxinus species. Recent gaps tend to have 
higher densities of smaller stems that will experience density-dependent mortality as the 
stand develops and may have high CWD input in terms of number of pieces, but very low 
volumes relative to undisturbed areas within the stand. Despite higher densities of CWD 
in gap areas, the smaller size pieces dictate a more ephemeral source of CWD because of 
faster rates of decomposition (Harmon et al., 1986; MacMillan, 1988). In contrast, within 
the undisturbed areas of the partial harvest stands, and throughout the relict stand, 
density-independent background mortality of larger, more widely dispersed individuals 
predominates. This is reflected in the piece size differences of DDW and SDW across 
stands in this study; a similar response has been observed in other studies. Siitonen et al. 
(2000) observed larger average diameter pieces of DDW and SDW in old-growth stands 
versus managed stands of boreal mesic forests of southern Finland, with considerably 
more large-diameter (≥ 40 cm) SDW in old-growth stands and twice as many CWD 
stems < 10 cm in the managed stands compared to old-growth stands. In boreal Picea 
forests of Sweden, Bader et al. (1995) observed significant differences in the availability 
of large diameter, highly-decayed CWD logs between selectively managed and semi-




differences in DDW piece sizes of old-growth and selection cut stands of A. saccharum-
dominated stands in Quebec, Canada, although SDW average diameter was lower in 
diameter-limit cuts. 
Although differences in densities of CWD between stands was not apparent, relict 
stand volume ha-1 was significantly higher than both partial stands. Density of SDW 
among stands was not significantly different, but the double-harvest had almost double 
the number of pieces ha-1, which may have been related to the higher abundance of 
Ulmus in that stand, density-dependent mortality within a greater number of harvested 
and natural gaps, or a combination of these factors. Density of CWD pieces is expected to 
vary greatly depending on the stage of development, harvest intensity, and time since 
harvest. Thus, it is not considered to be a useful measure of comparison for stands with 
different stand structures (Sturtevant et al., 1997). Several other studies have observed 
lower volumes in partial harvest stands compared to unharvested stands (Siitonen et al., 
2000; Sippola et al., 2001; Rouvinen and Kouki, 2002; Webster and Jenkins, 2005), 
which is presumably related to the changes in the size distribution of living trees. Using a 
chronosequence approach to understand recovery of CWD in managed stands, 
Vandekerkhove et al. (2009) indicated that CWD dynamics of managed stands were more 
unidirectional related to succession in contrast to virgin forests that exhibited a more 
cyclical pattern. 
Overstory compositional differences were also evident between the relict and 
partial harvests stands (Chapter 2), which likely also influenced decay rates and stand 
level abundance estimates to some degree. Although the overstories of all stands were 




17.1 m2 ha-1, compared to only 7.9 m2 ha-1 and 8.6 m2 ha-1 in the single-harvest and 
double-harvest stands, respectively. The partial harvest stands had a higher abundance of 
Acer, Carya, and Fraxinus individuals replacing the harvested overstory Quercus trees, 
all of which likely have higher decay rates than most Quercus species in the region 
(MacMillan, 1988; Arthur, 1993). The higher volumes of CWD associated with 
intermediate and old decay classes is likely reflective of the interaction of piece size 
differences and species composition, although I did not formally test for species 
differences because so many pieces were not identified to genus. 
Spatial distribution of CWD is related to the distribution of living trees and 
distribution of mortality events among those trees. Mortality patterns may be clustered 
(Franklin and Van Pelt, 2004; Aakala et al., 2007) or random (Parish et al., 1999; Aakala 
et al., 2012). Many studies in old-growth boreal forests have observed aggregated 
patterns of CWD (Edman and Jonsson, 2001; Komonen, 2005; Ylisirniö et al., 2009), and 
patterns were, in part, attributed to gap dynamic patterns. In contrast, in old-growth Pinus 
resinosa Aiton forests, Aakala et al. (2012) considered initial distribution of living trees 
and observed random patterns of tree mortality, but random or aggregated patterns of 
CWD. A comparison of the different size minimum thresholds of DDW (Figure 5.4) and 
SDW (Figure 5.5) within all stands indicates that the large diameter CWD dictates the 
observed patterns of connectivity. As the minimum size threshold increased from 30 cm, 
which roughly correlates to midstory or lower canopy trees, to 60 cm, I see these more 
dispersed, ephemeral patches disappear (Figures 5.4 and 5.5). Smaller pieces create a 
greater number of smaller patches throughout the partial harvest stands and likely 




stand, small pieces generally only enhance connectivity rather than form new patches. To 
comment on the dispersion patterns of mortality on CWD is not reasonable given the 
sampling approach, but individual trees, rather than small groups, seemed to be the 
normal pattern of mortality. An overlay of total volume of DDW and SDW sampled by 
plot highlighted some stark differences among stands (Figure 5.6). If one considers the 
total volume of sampled DDW and SDW at each point, the abundance of small, 
ephemeral patches are more scattered in the single-harvest stand than within the double-
harvest stand; the difference is largely attributable to a few rather large (> 60 cm) CWD 
pieces in the double-harvest stand. The large patches with little or no CWD are likely 
indicative of areas that were previously harvested but now contain vigorous trees. In the 
relict stand, both the abundance and combined connectivity of DDW and SDW are 
evident throughout the stand. 
Aakala et al. (2012) determined that mortality events at the stand level were 
randomly dispersed, yet they observed aggregated patterns of CWD in some stands. In 
the relict stand, I assume that the mortality events are random in space with a low 
coefficient of variation regarding mortality over time. Runkle (1982, 1985, 2013) 
estimated an average 1% of total land area year-1 rate of canopy gap creation for old-
growth forests (range of 0.5 to 2%); thus, projected canopy turnover rates ranged from 
50-200 years, or about 100 years on average. The interaction between random mortality 
events and consistent input over time, combined with slow decay rates (output), provides 
an emergent property or storage effect for CWD. In this case, the storage effect arises 
from the persistence (i.e. slow decomposition) of CWD; larger piece size and higher 




greater storage effect at the stand level. Partial harvests act to upset the relationship 
because there are fewer large pieces, with slower decay rates, occurring across the stand 
and a greater number of aggregated mortality events with smaller CWD inputs of density-
dependent competition in regenerating gaps; the result is more ephemeral inputs of CWD 
and decreased connectivity at the stand scale. MacMillan (1988) predicted 95% loss of 
CWD density of Quercus, Carya, and Acer species at 171, 86, and 66 years, respectively, 
at an old-growth mesophytic deciduous forest in Indiana, U.S.A. As the residence time of 
individual pieces and canopy turnover rates converge, the storage effect is increased, 
connectivity will remain high over time, and diversity of CWD quality across the area 
will be preserved over time. Sippola et al. (2001) observed that accumulation of new 
CWD was much slower after selective harvests, and that CWD levels had not returned to 
primeval forest levels over the course of 50 to 100 years. Similarly, Bader et al. (1994) 
perceived that the selective logging operations interrupted the continuity of CWD inputs 
over time, influencing changes in proportion of decaying logs and large CWD pieces. 
McCarthy and Bailey (1994) noted commercial thinning reduced contributions of larger 
CWD pieces and low amounts of highly-decayed DDW. 
Mean patch area ha-1 and number of patches ha-1 of DDW and SDW in the relict 
stand exhibit a negative relationship across minimum diameter classes; at smaller 
diameter classes, the patches converge as connectivity is increased by including smaller 
pieces. In the partial harvest stands, the number of patches ha-1 is generally higher and 
patch area ha-1 is generally smaller, and this is likely attributable to the discontinuity of 
the storage effect across stands, imposed by the change in species composition and size 




all stands become minimized around 60 cm. The partial harvest stands have received no 
management since the initial harvest; thus, this scenario will differ from conventional 
selection management in the region where most trees larger than 60 cm are harvested. 
Furthermore, stands are frequently harvested at short time periods, often every 10-15 
years, and removals tend to capture declining individuals throughout the stand, which 
results in lower levels of CWD input and eventual connectivity across the stand. By 
setting aside reserves within harvested stands, specifically to preserve areas of large, old 
living trees, especially in fragmented forests, using an “island” approach, sensu 
MacArthur and Wilson (1967), within stands may be more appropriate in an attempt to 
preserve dispersal-limited, smaller populations and metapopulation dynamics across the 
landscape akin to the "lifeboat hypothesis". This approach, termed retention forestry, has 
been proposed as a means to enhance connectivity, preserve critical structures, and 
maintain and enhance biodiversity (Gustafsson et al., 2012). 
Within this study, there are undoubtedly differences between stands related to 
edaphic differences, edge exposure, species compositions, and the limitation of making 
comparisons based on a single point in time, yet the differences in connectivity and 
abundance among stands is evident even 46+ years later. Extended rotation and entry 
times are often cited as means to achieve more complexity and ecologically viable 
harvest practices, however, this may not be sufficient or feasible in many management 
regimes. Several other studies have observed low levels of CWD long after active 
management operations (Bader et al., 1995; Sippola et al., 2001; Vandekerkhove et al., 
2009), and it may take a century or more for CWD abundance to return to the range of 




emergent property I termed the storage effect. Although most studies of CWD focus on 
abundance within forests, understanding of CWD dynamics may prove more critical to 





Table 5.1. Total number of pieces (n) and mean (± standard error) of individual piece 
sizes of sampled a) down dead wood (minimum diameter of 10 cm) and b) standing dead 
wood in relict, single-harvest, and double-harvest stands. Large end diameter (LED), 
length, and volume of down dead wood, and diameter at 1.37 m (dbh), total height, and 
volume of standing dead wood are presented. I tested for differences (p < 0.05) of log-
transformed values using a generalized linear model and post-hoc multiple comparisons 
with Tukey’s honestly significant difference. Different letters indicate significant 
differences between stands.  
a) Down dead wood (DDW)               
Tract 
n 
LED (cm)  Length (m)  Volume (m3) 
Relict 924 34.3 ± 0.7 A  11.2 ± 0.2 A  1.19 ± 0.08 A
Single-harvest 288 26.0 ± 0.9 B  8.7 ± 0.2 B  0.48 ± 0.06 B 
Double-harvest 153 31.3 ± 2.2 B  7.6 ± 0.3 C  0.84 ± 0.21 B 
b) Standing dead wood (SDW) 
              
Tract n 
dbh (cm)  Height (m)  Volume (m3) 
Relict 182 46.8 ± 2.5 A  13.2 ± 0.7 A  2.27 ± 0.26 A
Single-harvest 96 36.5 ± 2.4 A  10.9 ± 0.8 A  1.24 ± 0.28 A








Table 5.2. Total plots (n), and mean (± standard error) number of pieces ha-1 and volume 
ha-1 of a) down dead wood (minimum diameter of 10 cm) and standing dead wood 
(SDW) in relict, single-harvest, and double-harvest stands. To minimize correlation 
between plots, I used a subset of plots based on 30 m x 30 m spacing in each stand. I 
tested for differences (p < 0.05) of square root-transformed values using a generalized 
linear model and post-hoc multiple comparisons with Tukey’s honestly significant 
difference. Different letters indicate significant differences between stands.  
a) Down dead wood          
Tract n Pieces ha-1  Volume ha-1  (m3 ha-1) 
Relict 817 242.8 ± 17.0 A  130.8 ± 4.2 A 
Single-harvest 392 154.8 ± 14.8 B  39.9 ± 2.5 B 
Double-harvest 234 199.3 ± 28.1 AB  59.8 ± 6.4 B 
        
b) Standing dead wood        
Tract n Pieces ha-1  Volume ha-1  (m3 ha-1) 
Relict 817 21.7 ± 1.9 A  24.3 ± 1.0 A 
Single-harvest 392 18.4 ± 2.1 A  11.2 ± 0.7 B 








Figure 5.1. Down dead wood (DDW; top row) and standing dead wood (SDW; bottom 
row) number of pieces ha-1 and volume ha-1 by decay class for relict, single-harvest, and 
double-harvests stands. Decay stages were assigned as: ‘Fresh’ if recently dead with woo 
still hard and bark largely present, either loose or tight; ‘Intermediate’ as bark mostly 
gone, bole periphery softened whereby blade can penetrate the outer layer; ‘Old’ as little 
to no bark remains, bole periphery is very rotten and extends in to the core, perhaps 
partially incorporated into forest floor or vegetation has begun to colonize. For SDW, I 






Figure 5.2. Down dead wood (DDW; top row) and standing dead wood (SDW; bottom 
row) number of pieces ha-1 and volume ha-1 by size class for relict, single-harvest, and 
double-harvests stands. Size classes were defined as diameters of ≤ 30 cm, > 30 cm and ≤ 
60 cm, and > 60 cm; DDW diameter was based on large end diameter, and I used 






Figure 5.3. Percent of all plots considered connected (top row), mean patch area ha-1 
(middle row), and number of patches ha-1 (bottom row) by 10 cm diameter classes for 
relict, single-harvest, and double-harvests stands. Down dead wood (left column) 
diameter was based on large end diameter, and I used diameter at 1.37 m for standing 
dead wood (right column); each diameter class indicates pieces of indicated size and 





Figure 5.4. Display of connected plots for down dead wood (DDW) in relict, single-
harvest, and double-harvests stands for pieces ≥ 30 cm (top row) and ≥ 60 cm (bottom 
row) based on large end diameter. Large dots indicate plots that sampled at least one 
DDW piece of the stated size, and small dots indicate plots with no DDW pieces of 






Figure 5.5. Display of connected plots for standing dead wood (SDW) in relict, single-
harvest, and double-harvests stands for pieces ≥ 30 cm (top row) and ≥ 60 cm (bottom 
row) based on diameter at 1.37 m height. Large dots indicate plots that sampled at least 
one SDW piece of the stated size, and small dots indicate plots with no SDW pieces of 






Figure 5.6. Each panel displays the volume (m3) of down dead wood (black circles) and 
standing dead wood (white stars) sampled at each plot location for relict, single-harvest, 




CHAPTER 6  CONCLUSIONS 
 
As Hicks (1997) so aptly described it, forests of the Central Hardwood Region are 
indeed a “resource at the crossroads”. Forests of the eastern U.S. are predominantly 
(83%) owned by an aging group of private owners, who have smaller average parcel 
sizes, and a decreased interest in actively managing their forests (Butler and 
Leatherberry, 2004). Fralish (2004) considers oak (Quercus) and hickory (Carya) as 
keystone species. Given their centuries-long dominance in the region, numerous birds, 
mammals, and insects rely upon their mast production. The structure of oak-hickory 
forests sustained by disturbance regimes that allow sunlight to the forest floor, e.g. fire, to 
support a diverse herbaceous layer and the many species that rely on them. As observed 
in this study and several others, with limited disturbance and no management of these 
forests, successional processes will promote a late-successional forest type and the 
accompanying loss of several keystone species that are deeply ingrained in the history, 
culture, and ecology of the region. 
 
6.1. Summary of Findings 
 
 In Chapter 2, it was evident that the partial harvest events resulted in increased 




changes in the relict stand. All stands experienced increases in stem density and basal 
area, particularly in the number of understory shade-tolerant trees, notably sugar maple 
(Acer saccharum Marsh.), elms (Ulmus spp.), and basswood (Tilia americana L.). The 
shade-tolerant species became less aggregated over time, and shade-intolerant species, 
particularly ash (Fraxinus spp.) and hickories, became increasingly aggregated. Spatial 
arrangement of overstory trees became more random over time, understory trees became 
less aggregated, and there appeared to be little correlation among strata in either period. 
At a neighborhood level, neighborhoods became increasingly smaller with a greater 
number of neighbors over time in all stands, and the relict and single-harvest 
neighborhood species became more similar, but neighborhoods of the double-harvest 
stand became less similar. The disturbances of the partial harvest stands resulted in a 
retrogression of stand development by allowing portions of the stand to persist in an 
earlier stage of development and maintain more mid-seral, mast-producing species, 
notably oaks and hickories; this was considered a positive development by diversifying 
structure and maintaining a degree of functional resilience by ensuring the presence of 
mast-producing species.  
 Chapter 3 details the overstory disturbance history of two stands. Although the 
relict stand had significantly higher number of gaps and stand area in gaps annually, in 
both stands disturbance was primarily characterized by small-scale (< 200 m2) overstory 
disturbance. Unfortunately sample depth prior to 1920 was too small to evaluate gap size, 
total gap area, and gap size distribution in the stands prior to the cessation of grazing. 
However, it was evident that after 1952 disturbance patterns within the two stands 




gaps because of the Dutch elm disease and harvest, stand structure likely accounted for 
the observed differences between the two stands. The managed stand had fewer gaps, less 
area in new gaps, and less variability in gap size because there were fewer large gaps 
formed after 1952.  
 Chapter 4 presents very different temporal patterns of species group establishment 
and canopy accession between the two stands. However, with the cessation of grazing 
around 1920, sugar maple became increasingly established in the understory and 
recruited into the canopy. Canopy accession patterns indicated virtually all trees rely on 
disturbance for recruitment, and most were established in gap or high light environments. 
In many cases, differences in mean understory residence time were more related to the 
timing of establishment and canopy accession of the respective species rather than 
silvical traits of the individual species. 
 Chapter 5 demonstrated that natural and anthropogenic disturbance patterns not 
only influence patterns of stand growth and development, but they also contribute to the 
structure of the dead wood material that many organisms rely on. The individual piece 
size, density, and volume of down dead wood (DDW) and standing dead wood (SDW) 
were all higher in the relict stand compared to the double-harvest stand. In addition, 
higher densities and volumes of DDW and SDW were observed in the largest size and 
most highly decayed classes in the relict stand. Higher rates of disturbance and large 
pieces of DDW and SDW in the relict stand also meant higher connectivity across all size 
classes, generally fewer patches, and larger average patch size across most size classes. 
Even after almost 50 years, coarse woody debris in the partially harvested stands has not 




attributed to higher disturbance rates in the relict stand and what I termed the “storage 
effect”, which suggests that the larger piece sizes and more decay-resistant species will 
tend to persist on site longer, thus, allowing for greater accumulation and connectivity as 
trees die. 
 
6.2. Synthesis and Management Implications 
 
Paine et al. (1998) observed “disturbances leave a residual assemblage that 
provides a legacy on which subsequent patterns build.” No single phrase could better 
describe the findings in this study. Unfortunately, the legacies are not consistent with 
some of the more desirable goals of modern management as characterized by efforts to 
ensure long-term resilience and biodiversity in these forests: the loss of keystone species, 
such as oaks and hickories; decreases in CWD abundance and connectivity and the 
associated ecological functions; decreased diversity and increased homogenization of 
forest vegetation; decreased variability in stand structure. Surely these failings were not 
the intent of the management decisions at the time, but nevertheless, that is the legacy left 
behind. Modern disturbance ecology and management efforts tend to focus on the 
residual structural assemblage, e.g. gap sizes or species present, but I would propose that 
we should be equally concerned with the intended legacy of disturbances and the 
interactions between them. 
Despite the higher rate of gap formation and greater percentage of stand area in 
gaps in the relict stand over time, it did not produce an increase in mid-seral species, but 




(1989), and has been observed in other studies (Holzmueller et al., 2012; Allen et al., 
2012). It seems apparent through this study that a critical component of conserving 
historic forest resilience and biodiversity is the control of understory structure through, 
not necessarily the intensity of disturbance alone, but also through the timing of the 
disturbance. I suggest that the apparent surge in establishment of hickory and oaks in the 
managed stand was not an event unique to the managed stand (Figure 4.2), but rather it 
occurred in the relict and managed stands. The oak and hickories that had likely been 
grazed for a decade or more had been accumulating large root volumes throughout the 
grazing period, thus, when grazing ceased they were well-suited to establish and persist 
under the closed canopy for some time. However, without an opportunity to establish in 
the upper canopy, it is likely that many of them died in the relict stand over time awaiting 
a random disturbance event nearby. The prominent role of the disturbances related to the 
introduction of Dutch elm disease and the partial harvest in the managed stand, however, 
provided that opportunity, suggesting they were able to survive under a closed canopy for 
about 30 years before release. 
There appeared to be different dynamics at work in the overstory and understory 
of these stands; in 1926, the overstory trees dominated stand characteristics, and in 2010 
the understory trees dominated stand characteristics. As understory disturbance decreased 
and shade-tolerant species increasingly established in the understories at high densities, 
the understory became increasingly similar among the stands, which is likely a forecast of 
a similar fate for all these stands assuming no devastating disturbances. The 
preponderance of small-scale disturbance favors the shade-tolerant species, and 




shade-tolerant species increasingly fill the vertical and inter-crown spaces in stands, thus, 
greatly restricting opportunities for early and mid-successional species to establish, even 
when canopy disturbances are abundant. 
Findings of this study also present insight into the composition, structure, and 
dynamics of forest stands at the time of early-European settlement. Management efforts 
to incorporate pattern and process of historic stands would help to preserve functional 
integrity of those forests also. As an example, the open structure of the understory in 
1926; while the open structure of the understory was maintained by grazing. Given the 
prominence of oaks and hickories in the overstory, it seems likely that condition persisted 
for a long period of time even prior to European settlement. This structure would help 
ensure the presence of keystone species of oaks and hickories and improve ground flora 
diversity. Thinning efforts to increase growth could accelerate stand development to 
encourage larger individual tree size, for harvest as well as reserve tree management 
designed to meet large CWD targets. Disturbance dynamics should also be considered in 
maintaining understory structure, a significant challenge if fire is not tool available to 
managers, and in planning harvest practices and timing and intensity of harvest levels. 
The majority of gaps were relatively small, but larger gaps should also be incorporated 
because they are important to increase diversity and variability of structure. Disturbance 
rates for the relict stand were rather high, 1.65%, but that rate also includes the 
introduction of Dutch elm disease.  






6.3. Future Research Recommendations 
 
This study highlighted the importance of disturbances on species composition and 
stand structure, and the legacies of those disturbances over almost a century. That to me 
highlights the importance and value of long-term, detailed planning to ensure the 
intended legacies are in fact sustained; to assume that they will one day return is no 
longer sufficient. We increasingly understand the interconnectedness of organisms, 
populations, meta-populations and their relationship to structure and function. I believe 
this work gives rise to some other important research and I will address two other areas 
for related study. 
The seeming contrast of timber extraction and provision of coarse woody debris 
begs the question of “How much is enough?” The role of CWD in water and nutrient 
cycles, as habitat, substrate for growth, and forest structure are well documented 
(Harmon et al., 1986), but in production settings, CWD is considered a loss. Providing 
CWD at natural levels in working forests is not practical, but its presence at some level is 
important. As with many ecological questions, the ecological function of CWD is 
realized across many spatial and temporal scales. For some taxa, an individual log may be 
sufficient, for others, high connectivity among multiple pieces may be required, and for 
others still, very low densities across a landscape may be sufficient. These types of 
questions are increasingly important in fragmented landscapes where connectivity of 
populations may be especially limited. A study to examine the response of multiple taxa 
to spatial distribution of CWD after harvest at local (e.g. meters) and stand (e.g. hectares) 




dispersed) or is abundance more important. This study clearly showed differences in 
CWD abundance and connectivity between natural and managed stands 50 years later, 
but the important question is do they function differently? And, if so, what are the critical 
thresholds levels of CWD that should be preserved.  
 Another potential area of research in light of the findings of this study is how to 
prepare the understory to produce the desired legacies, such as oak and hickory 
regeneration, when harvest disturbances are introduced. This problem is likely just as 
much a social problem, i.e. is there a desire to preserve oak species, and financial, i.e. 
what costs are acceptable to ensure oaks are preserved. The oak and hickory of the 
managed stand held a favorable sub-canopy position for 30 years or more despite the 
advancing abundance of shade-tolerant species. The relationship between fire and oaks 
seems rather well established (Abrams, 1992; Nowacki and Abrams, 2008), but fire is not 
a commonly used modern tool and faces some resistance from society. Other manual and 
chemical means are increasingly being used, but may not be practical if treatments need 
to be applied over a period of years or decades prior to canopy disturbance. Planting may 
offer the most practical solution to the problem, but that also requires follow-up 
treatments and investment for vegetation control. Perhaps the standwide approach to 
management is no longer practical and more intensive, gap-focused approach is required.  
   
6.4. Dataset archiving 
 
Given the importance of long-term datasets describing ecological change, the 




main datasets that will be discussed: 1) living tree data for the periods 1926-1927 and 
2010; 2) coarse woody debris data; and 3) tree-ring information. 
The living tree data will be a comma-separated values (CSV) file that will include 
the stand, species, diameter at breast height (dbh; 1.4 m), and spatial location of all trees 
 10 cm dbh for the relict, single-harvest, and double-harvest stands. A text file including 
metadata to describe the structure and collection of the data will accompany it. Inquiries 
regarding the data may be directed to the author (robcmorrissey@gmail.com), Dr. 
Michael Saunders (msaunder@purdue.edu), or Dr. Michael Jenkins 
(jenkinma@purdue.edu).  
The coarse woody debris data will include two separate CSV files to delineate 
between standing dead wood (SDW) and downed dead wood (DDW); they will be 
presented in two files because they were collected using slightly different methods. Each 
file will include plot identification, plot location, individual piece numbers associated 
with plot, piece size at large and small end diameters, length, species, if discernible, and 
decay class. A text file including metadata to describe the structure and collection of the 
data will also accompany each CSV file. Inquiries regarding the data may be directed to 
the author (robcmorrissey@gmail.com), Dr. Michael Saunders (msaunder@purdue.edu), 
or Dr. Michael Jenkins (jenkinma@purdue.edu). 
Raw tree-ring measurement series will be submitted to the International Tree-
Ring Data Bank that is maintained by the National Oceanic and Atmospheric 
Administration Paleoclimatology Program and World Data Center for Paleoclimatology. 









This long-term study provided insight into forest development during a period of 
transition in disturbance regimes; less frequent and intensive disturbances have altered 
stand structures and composition over time. In conclusion, this study showed that 
succession would proceed to late-successional, shade-tolerant species in forests subject to 
natural disturbances, which includes predominantly small gaps (< 200 m2). Despite the 
abundance of oak canopy trees, sugar maple quickly began to dominate canopy 
recruitment after the elimination of grazing in the relict forest. Although the partial 
harvest stands did successfully recruit mid-successional, shade-intolerant species, such as 
oak and hickory, into the overstory, without further management, the stands are likely to 
transition to late-successional species. The fact that oaks and hickories were recruited to 
the overstory is likely a tribute to past disturbance regimes, which provided a pool of 
advance regeneration prior to harvest. Fortuitous timing of the harvest events released the 
understory. It appears that gap size distribution was rather consistent over time, and 
shade-intolerant species were able to recruit to overstory positions, but only when the 
shade-tolerant species were limited in the understory. Efforts to replicate legacies of past 
disturbance regimes must be extended to the understory composition as well as the 
disturbance of the overstory, and management planning must ensure the provision of 
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Appendix A History of Forestry Research Davis-Purdue Agricultural Center 
 
Davis-Purdue Agricultural Center Forest Stands History 
1917 Herbert Davis Forestry Farm willed to Purdue University by Martha F. 
Davis 
1921  Purdue takes possession of Herbert Davis Forestry Farm 
1922 President Stone visits; discussion about creating a Department of Forestry 
within the Agricultural school at Purdue is initiated, and it is decided that 
fencing be established around wooded stands to exclude grazing 
1923 Albert A. Hansen conducts plant survey  
1926-27 Dr. Burr N. Prentice completed complete survey of wooded stands 1-4  
1941 Estimated 16,500 board feet (Doyle) removed from old-growth tract; it is 
assumed that this timber was either near dead standing or recently blown 
down 
1948 Estimated 12,500 board feet (Doyle) removed from old-growth tract; it is 
assumed that this timber was either near dead standing or recently blown 
down 
1951 Estimated 29,000 board feet (Doyle) removed from compartments 3 and 4; 
low vigor trees were marked 
1955 Estimated 17,100 board feet (Doyle) removed from an unidentified tract 
(assumed tract 3) 
1956 Estimated 12,300 board feet (Doyle) removed from an unidentified tract 
(assumed tract 3) 
1958 Estimated 16,968 board feet (Doyle) removed from tract 3 
1959 Sixty-one 0.2 acre permanent plots established uniformly in compartments 
2, 3, and 4 for long-term growth monitoring 
1961-62 Tom W. Beers completed 100% inventory of compartment 1 by species 
and diameter class.  James Rogers (1961 unpublished) reported results 
including diameter distribution, growth, height curves, and local volume 




followed up on all 1926 trees, and reported ingrowth, although no spatial 
data was recorded; 4 of the 7 plots are contiguous and compose 
approximately 4 acres near the central portion of the stand 
1963 Estimated 70,362 board feet (Doyle) removed from stands 3 and 4; bid 
sale completed in 1964 
1964 Wildlife census conducted in compartment 1 under the supervision of R. 
Mumford 
1968 Dr. Walt Beineke selected several black walnut trees for genetics breeding 
program  
1971 Fire in 6-7 acres of the western portion of compartment 1. Compartment 1 
re-inventoried 100% but records seem to be missing. 
1974 Permanent plots in compartments 2, 3, and 4 re-measured 
1975 13.4 acres of TSI including vine (hack and squirt Tordon 101) removal 
and release of black walnut and small sawtimber trees from crown 
competitors in compartment 2 
1976 Central 8.5 ha of old-growth stand re-inventoried; trees ≥ 10 cm dbh and 
spatial data were recorded and trees were re-tagged. Spatial data based on 
1926 1-acre plot locations 
1978 TSI vine removal and culled trees on south 13.1 acres of compartment 3 
1979 Estimated 63,140 board feet (Doyle) removed from western side of 
compartment 3 using group selection method 
1980 Five 0.2 ac circular openings with no desirable reproduction cleared and 
spring planted to red oak containerized and bareroot seedlings by Phil E. 
Pope 
1981 Cull and weed species in 1979 openings were cut for firewood or culled 
(compartment 3) 
1982 Access trail cut through compartment 3 along with more vine removal 
throughout stand 
1986 Compartment 1 complete inventory conducted, and a new 10 x 10 m grid 





1987 Compartment 4 100% inventory; first since 1926 but no spatial data 
1988 Compartment 2 100% inventory; first since 1926 but no spatial data 
1992 Compartment 1 complete inventory conducted; 1986 tags are used and 
new tags are assigned as needed for ingrowth trees, and 1986 established 
plots are used. Also, compartment 4 is 100% inventory, but again no 
spatial data 
1996 Compartment 4 surveyed for mortality trees 
1998 Compartment 1 complete inventory conducted; 1986 tags are used and 
new tags are assigned as needed for ingrowth trees (although relatively 
few new trees recorded) and no new spatial data recorded 
2007 A portion of compartment 3 was harvested as a group selection and 
planted 
2010-11 Morrissey mapped and inventoried compartments 1, 2, and 4. Extensive 
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Appendix B Species by Species Groups and Shade Tolerance 
All species encountered during 1926 and 2010 sample periods and their assigned species 
and shade tolerance group. 





Kentucky Coffee tree Gymnocladus dioicus (L.) K. Koch Miscellaneous intolerant 1.00 
Apple Malus sp. Shrub intolerant 1.50 
Honey locust Gleditsia triacanthos L. Miscellaneous intolerant 1.61 
Eastern cottonwood Populus deltoides W. Bartram ex Marshall Miscellaneous intolerant 1.76 
Blue ash Fraxinus quadrangulata Michx. Ash intolerant 1.84 
White walnut Juglans cinerea L. Miscellaneous intolerant 1.88 
Black walnut Juglans nigra L. Walnut intolerant 1.93 
Bitternut hickory Carya cordiformis (Wangenh.) K. Koch Hickory intolerant 2.07 
Chinkapin oak Quercus muehlenbergii Engelm. White Oak intolerant 2.22 
Hawthornb Crataegus sp. Miscellaneous intolerant 2.30 
Red mulberry Morus rubra L. Shrub intolerant 2.34 
Shumard oak Quercus shumardii Buckley Red Oak intolerant 2.35 
White ash Fraxinus americana L. Ash intolerant 2.46 
Black cherry Prunus serotina Ehrh. Miscellaneous intolerant 2.46 
Pin oak Quercus palustris Münchh. Red Oak intolerant 2.49 
Pignut hickory Carya glabra (Mill.) Sweet Hickory intolerant 2.69 
Bur oak Quercus macrocarpa Michx. White Oak intolerant 2.71 
Northern red oak Quercus rubra L. Red Oak intolerant 2.75 
White oak Quercus alba L. White Oak intolerant 2.85 
American sycamore Platanus occidentalis L. Miscellaneous intolerant 2.86 
Black ash Fraxinus nigra Marshall Ash intolerant 2.96 
Swamp white oak Quercus bicolor Willd. White Oak intolerant 2.98 
Black maple Acer nigrum Michx. f. Maple tolerant 3.00 
American elm Ulmus americana L. Elm tolerant 3.14 
Hackberry Celtis occidentalis L. Miscellaneous tolerant 3.17 
Red elm Ulmus rubra Muhl. Elm tolerant 3.31 
Shagbark hickory Carya ovata (Mill.) K. Koch Hickory tolerant 3.40 
Red maple Acer rubrum L. Maple tolerant 3.44 
Box elder Acer negundo L. Shrub tolerant 3.47 
Ohio buckeye Aesculus glabra Willd. Ohio buckeye tolerant 3.49 
Silver maple Acer saccharinum L. Maple tolerant 3.60 
American basswood Tilia americana L. Basswood tolerant 3.98 
American hornbeam Carpinus caroliniana Walter Shrub tolerant 4.58 
Ironwood Ostrya virginiana (Mill.) K. Koch Shrub tolerant 4.58 
American beech Fagus grandifolia Ehrh. Beech tolerant 4.75 
Sugar maple Acer saccharum Marshall Maple tolerant 4.76 
† Species with a shade tolerance index value ≥ 3.0 were considered tolerant; those < 3.0 
were considered intolerant. 
a Niinemets, Ülo, Valladares, Fernando, 2006. Tolerance to shade, drought, and 
waterlogging of temperate Northern Hemisphere trees and shrubs. Ecological 
Monographs 76, 521–547. 





Appendix C Series Intercorrelation Values by Species 
Table of series intercorrelations by species. Cores from the relict, single-harvest, and 
double-harvest stands were pooled for crossdating purposes. Species with low 
intercorrelation values were also visually inspected to ensure that narrow rings 
corresponded with drought were aligned with other species. 
Species Number of cores Series intercorrelation 
American beech 25 0.586 
American elm  29 0.369 
American basswood 24 0.354 
Bitternut hickory 8 0.272 
Black ash 7 0.341 
Black walnut 52 0.574 
Box elder 5 0.121 
Bur oak 71 0.515 
Chinkapin oak 10 0.544 
Hackberry 21 0.468 
Northern red oak 87 0.555 
Ohio buckeye 5 0.619 
Pin oak 6 0.469 
Red elm 10 0.291 
Shagbark hickory 126 0.540 
Shumard oak 8 0.449 
Silver maple 10 0.405 
Sugar maple 166 0.545 
Swamp white oak 6 0.426 
White ash 75 0.502 
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